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Abstract 
 
§ Chapter 1. The first examples of highly Z- and enantioselective ring-opening/cross-
metathesis reactions are disclosed. Transformations involve meso cyclic olefin substrate 
and styrenes or enol ethers as olefin cross partners. A stereogenic-at-Mo monoaryloxide 
monopyrrolide (MAP) complex, prepared and used in situ, is discovered for the 
efficient formation of Z olefins. Such complex, bearing a relatively smaller 
adamantylimido and a larger chiral aryloxide ligand, leads to kinetic Z-selectivity due to 
the size differential. In most cases, the resulting disubstituted Z olefins are formed with 
excellent stereoselectivity (>95% Z). 
§ Chapter 2. The protocols for efficient Z-selective formation of macrocyclic 
disubstituted alkenes through catalytic ring-closing metathesis (RCM) is described. 
Stereoselective cyclizations are performed with either Mo- or W-based monoaryloxide 
monopyrrolide (MAP) complex at 22 oC. Synthetic utility of such broadly applicable 
transformation is demonstrated by synthesis of several macrocyclic natural products: 
relatively simpler molecules such as epilachnene (91% Z) and ambrettolide (91% Z), as 
well as advanced precursors to epothilones C and A (97% Z) and nakadomarin A (94% 
Z). Several principles of catalytic stereoselective olefin metathesis reactions are 
summarized based on the studies: 1) Mo-based catalysts are capable of delivering high 
activity but can be more prone to post-RCM isomerization. 2) W-based catalysts, 
though furnish lower activity, are less likely to cause the loss of kinetic Z selectivity by 
isomerization. 3) Reaction time is critical for retaining the stereoselectivity gained from 
kinetic, which not only applicable with MAP complexes but potentially with other 
complexes as well. 4) By using W-based catalyst, polycyclic alkenes can be accessed 
with sequential RCM reactions, without significant erosion of the existing Z olefins in 
the molecule. 
§ Chapter 3. An enantioselective total synthesis of anti-proliferative agent (+)-
neopeltolide is presented. The total synthesis is accomplished in 11 steps for the longest 
linear sequence and 28 steps in total, including 8 catalytic reactions. Particularly, 
several Mo- or Ru-catalyzed stereoselective olefin metathesis reactions as well as N-
hetereocyclic carbene (NHC)-catalyzed enantioselective boron conjugate addition to an 
acyclic enoate have proven to be effective for convergent construction of the molecule. 
The most important novelty of the study incorporates the explorations of feasibility of 
Z-selective cross-metathesis reactions to solve the challenge of installing two Z olefins 
with excellent selectivity. 
Page i 
Table	  of	  Contents	  
 
Chapter	   1.	   Efficient	   Z-­‐	   and	   Enantioselective	   Ring-­‐Opening/Cross-­‐Metathesis	  
Reactions	  Promoted	  by	  Stereogenic-­‐at-­‐Mo	  Complexes	  
1.1 Introduction……………………………...……………………………………………..………..……1	  
1.2 Background………………………………………………………………………………………………2	  
1.2.a	  Representative	  Methods	  for	  Stereoselective	  Synthesis	  of	  Z	  Alkenes……..2	  
1.2.b	  Substrate-­‐Controlled	  Z-­‐Selective	  Cross-­‐Metathesis	  Reactions……………….8	  
1.2.c	   Representative	   Cases	   of	   Recent	   Advances	   in	   Catalytic	   Enantioselective	  
Ring-­‐opening/Cross-­‐Metathesis	  (ROCM)	  Reactions………………………………………11	  
1.3 Highly	   Z-­‐	   and	   Enantioselective	   Ring-­‐Opening/Cross-­‐Metathesis	   (ROCM)	  
Reactions	  with	  Styrenes……………………......................………………………………15	  
1.3.a	  Mechanistic	  Models	  for	  Z	  selectivity	  in	  Cross-­‐Metathesis	  (CM)	  Promoted	  
by	  MAP	  Complexes………………………………………………………………………………..……..15	  
1.3.b	  Highly	  Z-­‐	  and	  Enantioselective	  ROCM	  Reactions	  of	  Strained	  Cyclic	  Olefins	  
with	  Styrenes………………………………………………………………………………..………………17	  
Page ii 
1.4 Enol	   Ethers	   as	   Substrates	   for	   Efficient	   Z-­‐and	   Enantioselective	   ROCM	  
Reactions	   Promoted	   by	   Stereogenic-­‐at-­‐Mo	  
Complexes………………………………………………………………………………………………23	  
1.4.a	  Preliminary	  Studies	  with	  Commonly	  Used	  Mo-­‐	  and	  Ru-­‐Based	  Complexes	  
and	  Stereogenic-­‐at-­‐Mo	  Complexes……………………………………………………………….23	  
1.4.b	   Mo-­‐Catalyzed	   Enantioselective	   ROCM	   of	   Cyclic	   Olefins	   with	   Enol	  
Ethers……………………………………………………………………………………………………………29	  
1.4.c	   Utility	   in	   Chemical	   Synthesis;	   Representative	   Functionalizations	   of	   the	  
Enantiomerically	  Enriched	  Z-­‐Enol	  Ethers	  and	  Diene	  Products	  from	  ROCM……33	  
1.4.d	   Mechanistic	   Analysis:	   the	   Significance	   of	   Stereogenicity	   at	   the	   Mo	  
Center…………………………………………………………………………………………………………..37	  
1.5 Conclusion…………………………………………………………..…………………………..…….47	  
1.6 Experimental…………………………………………………..……………………………………..48	  
Chapter	   2.	   Efficient	   and	   Selective	   Formation	   of	   Macrocyclic	   Disubstituted	   Z	  
Alkenes	   by	   Ring-­‐Closing	  Metathesis	   (RCM)	   Reactions	   Catalyzed	   by	  
Mo-­‐	   or	   W-­‐Based	   Monoaryloxide	   Monopyrrolide	   Complexes:	  
Applications	  to	  Total	  Synthesis	  of	  Epothilone	  C	  and	  Nakadomarin	  A	  
2.1 Introduction…………………………………………………………………………………..…….154	  
Page iii 
2.2 Background………………………………………………………………………………………….156	  
2.3 Formation	   of	   Macrocyclic	   Disubstituted	   Z	   Alkenes	   by	   RCM	  
Reactions………………………………………………………………………………………..……162	  
2.3.a	  Mechanistic	  Models	   for	   Z	   selectivity	   in	  Macrocyclic	   RCM	   Promoted	   by	  
MAP	  Complexes………………………………………………………………………………………….162	  
2.3.b	  Z-­‐selective	  Macrocyclic	  RCM	  of	  Less	  Substituted	  Dienes:	  Identification	  of	  
Optimal	  Catalysts………………….…………………………………………………………………….164	  
2.3.c	  Stereoselective	  Synthesis	  of	  Epilachnene	  by	  Z-­‐Selective	  RCM…………….168	  
2.3.d	   Stereoselective	   Synthesis	   of	   Yuzu	   Lactone,	   Ambrettolide	   and	   Other	  
Relatively	  Unfunctionalized	  Z	  Macrocyclic	  Alkenes……………………………………..171	  
2.4 Z-­‐Selective	  Macrocyclic	  RCM	  en	  route	  to	  Epothilone	  C………………………….174	  
2.5 Z-­‐Selective	  Macrocyclic	  RCM	  en	  route	  to	  Nakadomarin	  A…………………….182	  
2.5.a	  Previous	  Approaches	  to	  (–)-­‐Nakadomarin	  A:	  Alkene	  and	  Alkyne	  RCM..182	  
2.5.b	  Z-­‐selective	  Macrocyclic	  RCM	  Approaches	  to	  (–)-­‐Nakadomarin	  A…….….185	  
2.5.c	   Synthesis	   of	   the	   Cyclooctene	   Ring	   of	  Nakadomarin	   A	   through	   Catalytic	  
RCM:	  Efficiency	  and	  Impact	  on	  Macrocyclic	  Alkene	  Stereochemistry………..190	  
2.5.d	   Stereoselective	   Synthesis	   of	   (–)-­‐Nakadomarin	   A	   by	   a	   Late-­‐Stage	   Z-­‐
Selective	  Macrocyclic	  RCM………………………………………………………………………….193	  
Page iv 
2.6 Conclusion………………………………………………………………..………………………….195	  
2.7 Experimental………………………………………………………………….…………………….196	  
Chapter	  3.	  	  	  Application	  of	  Z-­‐	  and	  Enantioselective	  Catalytic	  Olefin	  Metathesis	  to	  
a	  Concise	  Total	  Synthesis	  of	  (+)-­‐Neopeltolide	  
3.1 Introduction…………………………………………………………………………………..…….263	  
3.2 Background………………………………………………………………………………………….264	  
3.3 Synthesis	  Plan………………………………………………………………………………..…….274	  
3.4 Synthesis	  of	  Neopeltolide	  Macrolactone………………………………………………276	  
3.4.a	   Synthesis	   of	   Alcohol	   Fragment	   3.24	   and	   Enantioselective	   C–B	   Bond	  
Formation:	  (Pinacolato)boron	  Conjugate	  Addition	  to	  α,β-­‐unsaturated	  Weinreb	  
Amide………………………………………………………………………………..……………………….276	  
3.4.b	   RCM	   Study	   of	   Diene	  3.59	   and	   Synthesis	   of	  Neopeltolide	  Macrolactone	  
3.18…………………..………………….…………………………………………………………………….278	  
3.4.c	  Synthesis	  of	  the	  Other	  Diastereomer	  of	  Neopeltolide	  Macrolactone	  and	  
Related	  Studies	  on	  Diastereoselective	  Hydrogenation………………….…………….283	  
3.5 Synthesis	   of	   Neopeltolide	   Side	   Chain	   3.19	   and	   Completion	   of	   the	  
Synthesis……………………………………………..………………………………………………285	  
Page v 
3.5.a	   Recent	   Advances	   in	   Catalytic	   Z-­‐Selective	   Olefin	   Cross-­‐Metathesis	  
Reactions……………………………………………………………………..…………………………….285	  
3.5.b	  Synthesis	  of	  Diene	  Intermediate	  3.63………………………………………………..290	  
3.5.c	   Synthesis	   of	   Neopeltolide	   Side	   Chain	   3.19	   and	   Completion	   of	   the	  
Synthesis…………………………………………………………………………………………………….295	  
3.6 Conclusion………………………………………………………………..………………………….297	  
3.7 Experimental………………………………………………………………….…………………….298 
 
 
 
 
 
 
 
 
 
 
Page vi 
Acknowledgements	  
	   I am grateful to Professor Amir H. Hoveyda, not only for his teaching and training during 
the past six years, but also for the endowed freedom in the choice of my research projects. I truly 
value these experiences and I will never forget his encouraging when my motivation was at a low. 
I certainly will benefit from what I have learned from him and the group. 
 I want to thank Professor James P. Morken and Professor Shih–Yuan Liu for being my 
dissertation committee members as well as their advices and corrections of my dissertation. 
 My labmates, Elsie Yu, Tyler Mann, Fanke Meng and Daniel Silverio are acknowledged 
for critical proofreading as well as any suggestions or corrections they had for me. 
 I am very fortunate to have had Steven Malcolmson as mentor when I first joined 
Hoveyda group. He is a patient teacher to get me familiar with the project and lab techniques. I 
have worked with Dr. Ismail Ibrahem and Dr. Masayuki Hasegawa during my first projects of 
ROCM reactions; and collaborated with Dr. Chenbo Wang in RCM project. All of them are 
remarkable chemists and we had a great time in our collaborations. 
 I would also like to express my gratitude to the rest of the Hoveyda group for useful 
discussions and support, especially Fang Gao and Erika Vieira; as well as Deborah Lynch, for 
solving all the administrative problems. 
 Finally, I would like to thank my family, especially my wife, Qinqin, for all the good 
time we had together, and her unconditional love and support. Your support is invaluable to me 
and I would not have achieved all of these without your help. 
Chapter 1, Page  1 
Chapter	  1 
Efficient	   Z-­‐	   and	   Enantioselective	   Ring-­‐Opening/Cross-­‐Metathesis	  
Reactions	  Promoted	  by	  Stereogenic-­‐at-­‐Mo	  Complexes	  
1.1	  Introduction	  
Numerous biologically active molecules contain olefins in their structures and many 
important reactions require alkenes as substrates.1 Catalytic methods for stereoselective synthesis 
of alkenes are thus of great value; however, such protocols are rare in synthetic community. An 
attractive approach to alkene synthesis is catalytic olefin metathesis.2 Recent advances in the area 
of catalytic olefin metathesis during the last two decades have changed the way in which a large 
number of organic molecules can be prepared: cyclic structures of nearly any sizes as well as 
various unsaturated acyclic compounds have been rendered easily accessible through this 
remarkable class of transformations.3 Such processes involve readily accessible alkene starting 
material and are distinct from other commonly used protocols (e. g., Wittig olefination, alkyne 
reduction or cross-coupling). 
                                                
(1) (a) Noyori, R. Angew. Chem., Int. Ed. 2002, 41, 2008–2022. (b) Sharpless, K. B. Angew. Chem., Int. Ed. 2002, 
41, 2024–2032. 
(2) For recent reviews on various aspects of catalytic olefin metathesis, see: (a) Schrock, R. R.; Hoveyda, A. H. 
Angew. Chem., Int. Ed. 2003, 42, 4592–4633. (b) Handbook of Metathesis (Grubbs, R. H., Ed.), Wiley–VCH, 
Weinheim, Germany, 2003. (c) Diver, S. T.; Giessert, A. J. Chem. Rev. 2004, 104, 1317–1382. (d) Samojlowicz, C.; 
Bieniek, M.; Grela, K. Chem. Rev. 2009, 109, 3708–3742. (e) Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev. 
2010, 110, 1746–1787. (f) Hoveyda, A. H.; Malcolmson, S. J.; Meek, S. J.; Zhugralin, A. R. Angew. Chem., Int. Ed. 
2010, 49, 34–44. 
(3) For reviews regarding applications of catalytic olefin metathesis in natural product synthesis, see: (a) Deiters, A.; 
Martin, S. F. Chem. Rev. 2004, 104, 2199–2238. (b) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem., Int. 
Ed. 2005, 44, 4490–4527. (c) Metathesis in Natural Product Synthesis (Cossy, J.; Arsenyadis, S.; Meyer, C., Eds) 
Wiley–VCH, Weinheim, Germany, 2010. (d) Fürstner, A. Chem. Commun. 2011, 47, 6505–6511. 
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Despite the impressive advances, however, the discovery and development of catalysts 
that promote efficient metathesis reactions to generate olefins with high Z or E selectivity, and/or 
enantioselectivity, remain as critical and challenging research objectives. Such catalysts, 
particularly those generating higher energy Z olefin isomers, represent a significant shortcoming 
in the area of olefin metathesis. In this chapter, we will discuss our efforts aimed at developing 
catalysts and methods for the first examples of Z- and enantioselective ring-opening/cross-
metathesis (ROCM) reactions, involving styrenes and enol ethers as cross-partners.4 Specifically, 
we demonstrated that catalytic ROCM of several oxa- and azabicycles, cyclobutenes and a 
cyclopropene proceeded readily in the presence of stereogenic-at-Mo monoaryloxide 
monopyrrolide (MAP) complexes. 
 
1.2	  Background	  
1.2.a	  Representative	  Methods	  for	  Stereoselective	  Synthesis	  of	  Z	  Alkenes 
The two isomers of olefins not only can possess different biological activities, but also in 
many occasions determine the stereochemical outcome of reactions involving olefin as starting 
material. Stereoselective synthesis of either isomer has significant impact on organic synthesis; 
however, methods accessing Z olefins are less established than those for E isomers, arguably due 
to the relative thermodynamic favoring of Z isomers.5 A variety of methods have addressed the 
Z-selective synthesis of olefins. Nonetheless, some of them are not catalytic, and most of them 
                                                
(4) (a) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844–3845. (b) Yu, M.; 
Ibrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 2788–2799. 
(5) Siau, W. Y.; Zhang, Y.; Zhao, Y. Top. Curr. Chem. 2012, 327, 33–58. 
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have issues of reliability and substrate limitation as well as efficiency and selectivity. It is the 
intention of this section to briefly outline representative approaches of Z olefin synthesis. 
 Olefination reactions, especially Wittig reactions, have been proven to be one of the most 
commonly used methods in alkene synthesis.6 Generally, a carbonyl compound (aldehyde or 
ketone) reacts with a phosphorous ylide to afford alkene with concomitant formation of 
phosphine oxide as the side product. The stereoselectivity of the resulting olefin varies, and 
depends on the type of ylide, carbonyl compound, solvent, and sometimes the counterion for the 
ylide formation. One impressive example is the application of Wittig reaction in total synthesis 
of (+)-discodermolide, a potent inhibitor of tumor cell growth (Scheme 1.1). 7  The 
triphenylphosphonium salt 1.2, prepared from iodide 1.1, was coupled with chiral aldehyde 1.3 
under a standard Wittig condition, delivering a late-stage intermediate 1.4 in 76% yield and with 
complete Z selectivity. 
Scheme 1.1:  Wittig Ilefination in Total Synthesis of (+)-Discodermolide
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There are several variants of Wittig olefination that deliver functionalized Z olefins. In 
the early 1990s, Stork and co-works reported a Wittig-type olefination, involving the use of 
iodoalkyl phosphonium salt, which can be subsequently deprotonated with sodium 
                                                
(6) For recent reviews, see: (a) Nicolaou, K. C.; Harter, M. W.; Gunzner, J. L.; Nadin, A. Liebigs. Ann. Recl. 1997, 9, 
1283–1301. (b) Rein, T.; Pedersen, T. M. Synthesis 2002, 5, 579–594. 
(7) Smith A. B.; Beauchamp, T. J.; LaMarche, M. J.; Kaufman, M. D.; Qiu, Y.; Arimoto, H.; Jones, D. R.; 
Kobayashi, K. J. Am. Chem. Soc. 2000, 122, 8654–8664. 
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bis(trimethylsilyl)amide. The corresponding ylide reacts with an aldehyde to generate Z-vinyl 
iodide, a useful synthon in organic synthesis, especially in cross-coupling reactions.8 
Another notable Wittig-type method for Z olefin synthesis is Still-Gennari modification 
of the Horner-Wadsworth-Emmons (HWE) olefination. 9  Bis(trifluoroalkyl)phosphonoesters, 
prepared from phosphonoesters and trifluoroethanol, can be coupled with aldehyde in the 
presence of a strong base [e.g., potassium bis(trimethylsilyl)amide], giving rise to α, β-
unsaturated ketones and esters. Both disubstituted and trisubstituted Z alkenes can be obtained, 
but the products are limited to unsaturated carbonyl compounds, since the electrophilic 
phosphonate requires an electron-withdrawing group to stabilize the carbanion. Usually 18-
crown-6 has to be used as an additive due to the necessity of the intermediacy of a non-
coordinating potassium cation. One example is the application of this reaction in the total 
synthesis of (+)-neopeltolide (Scheme 1.2). Panek and co-workers subjected aldehyde 1.5 to a 
Still-Gennari condition with complex phosphonoacetate 1.6 to establish the Z acrylate of (+)-
neopeltolide in 62% yield and 7:1 selectivity.10 Though being widely used, the stoichiometric 
nature of Wittig or other Wittig-type olefinations generates extensive waste (phosphine oxides), 
which sometimes proves difficult to remove from the desired alkene product. 
O
O O
OMe
O
O
P(CF3CH2O)2
O 1.6
HN
MeO
O
N
O
18-crown-6
 KHMDS
THF
-78 oC
62% yield
+
O1.5
O
O O
OMe
OO
N
HN
O
 (+)-neopeltolide (1.7)
O
OMe
Scheme 1.2:  Still-Gennari Olefination in Total Synthesis of (+)-Neopeltolide
 
                                                
(8) (a) Stork, G.; Zhao, K. Tetrahedron Lett. 1989, 30, 2173–2174. (b) Chen, J.; Wang, T.; Zhao, K. Tetrahedron 
Lett. 1994, 35, 2827–2828. 
(9) Still, W. C.; Gennari, C. Tetrahedron Lett. 1983, 24, 4405–4408. 
(10) Youngsaye, W.; Lowe, J. T.; Pohlki, F.; Ralifo, P.; Panek, J. S. Angew. Chem., Int. Ed. 2007, 46, 9211–9214. 
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Besides olefination reactions, palladium- or nickel-catalyzed cross-coupling reactions are 
another class of methods, delivering Z olefins from the corresponding Z alkenyl halides or 
alkenylmetal species.11 The cross-coupling itself is stereospecific, thus renders stereochemical 
retention of the starting alkenyl halides or alkenylmetals. Accordingly, the control of 
stereochemistry has to be achieved before the cross-coupling step. A representative example was 
demonstrated by Molander group in their total synthesis of oximidine II (Scheme 1.3).12 An 
intramolecular Suzuki cross-coupling of 1.8 between an E alkenyl potassium trifluoroborate and 
a Z,Z-dienyl bromide afforded the twelve-membered macrolactone core of oximidine II. The 
stereochemistry of the starting material was conserved during the coupling, securing the 
formation of the E,Z,Z-conjugated triene unit in the macrolactone. 
O
OH OMOM
BnO
O
O
OH O
OBn
OMOM
BrBF3K 1.8 1.9
10 mol % Pd(PPh3)4
CsCO3, THF-H2O
reflux, 20 h
!"#$%&'()
Scheme 1.3:  Suzuki Coupling in Total Synthesis of Oximidine II
 
Other than stereoselective olefinations of carbonyl compounds and stereospecific cross-
coupling reactions, alkynes could serve as starting material to Z alkenes by metal or Lewis acid 
catalyzed hydrometallation. Such methods would allow alkenyl metal species to be hydrolyzed 
to give corresponding alkenes or utilized in aforementioned cross-coupling reactions; however, 
non-catalyzed hydrometallation reactions of alkynes proceed in a syn-fashion, leading to the 
formation of E olefin upon hydrolysis. Nonetheless, in the presence of a titanium catalyst, 
disubstituted Z alkene 1.11 can be accessed with reasonable stereoselectivity (90:10 Z:E, Scheme 
                                                
(11) Negishi, E.; Huang, Z.; Wang, G.; Mohan, S.; Wang, C.; Hattori, H. Acc. Chem. Res. 2008, 41, 1474–1484. 
(12) Molander, G. A.; Dehmel, F. J. Am. Chem. Soc. 2004, 129, 14313–14318. 
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1.3) from hydroalumination of 1.10.13 Similarly, Ti-catalyzed hydromagnesation delivered Z 
alkene 1.13 in the same manner (98:2 Z:E, Scheme 1.3).14 In addition to hydrolysis, the 
alkenylmagnesium intermediate could be utilized in additions to aldehydes and alkyl halides to 
deliver stereodefined trisubstituted alkenes. 
Me
OTIPS
HO 10 mol % Cp2TiCl2, 
LAH, THF, reflux
Me
OTIPS
OH
!"#$%&'()*$
+,-$.$/0,10
Me Me
Scheme 1.4:  Synthesis of Z Alkenes by Hydroalumination or Hydromagnesation of Internal Alkynes
1.10 1.11
1.12 1.13
3 mol % Cp2TiCl2, iBuMgBr 
Et2O, 22 oC, 6 h; then H2O
2!#$%&'()*$+,-$.$/2,"  
Since transition-metal catalysts can alter the syn-hydroboration pathway of terminal 
alkynes, Miyaura and co-workers developed a rhodium-catalyzed trans-hydroboration of 
terminal alkynes, accessing Z alkenylborons in >95% stereoselectivity (Scheme 1.5). 15 
Catecholborane is usually utilized as the reagent; treatment of pinacol after the hydroboration 
converts the resulting alkenyl catecholborane to the more stable alkenyl pinacolborane, allowing 
its purification through silica gel chromatography. Deuterium labeling experiments suggested 
that hydroboration proceeded through a vinylidene intermediate after oxidative insertion of 
rhodium to the terminal alkyne C–H bond, which explains the formation of Z stereochemistry. 
This method is usually combined with subsequent Suzuki cross-coupling reaction and widely 
used in natural product synthesis to deliver stereodefined polyene structures. For example, 
Falck’s group applied this method in their asymmetric synthesis of fostriecin (1.18).16 The E,Z,Z-
                                                
(13) Parenty, A.; Campagne, J. M. Tetrahedron Lett. 2002, 43, 1231–1233. 
(14) Sato, F.; Ishikawa, H. Sato, M. Tetrahedron Lett. 1981, 22, 85–88. 
(15) Ohmura, T.; Yamamoto, Y.; Miyaura, N. J. Am. Chem. Soc. 2000, 122, 4490–4491. 
(16) Reddy, Y. K.; Falck, J. R. Org. Lett. 2002, 4, 969–971. 
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conjugated triene unit of the natural product was constructed from Z alkenyl boron intermediate 
1.17, prepared from enyne 1.16 by Rh-catalyzed hydroboration. 
1.5 mol % [Rh(cod)Cl]2, 6 mol % P(i-Pr)3
HCat, NEt3, cyclohexane, 22 oC, 4 h
then pinacol
B
!"#$%&'()*$+,-$.$//,"
OTBSB
O OOH
OO
Me OH
NaHO3PO OH
1.16 1.17
1.14 1.15
Fostriecin (1.18)
TBSO
TBSO
O
O
Scheme 1.5:  Synthesis of Z Alkenyl Boron by Rh-Catalyzed  trans-Hydroboration of Terminal Alkynes
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2) 1.5 mol % [Rh(cod)Cl]2, 6 mol % P(i-Pr)3
HBpin, NEt3, cyclohexane, 22 oC, 4 h
steps
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Hydrosilylation17 or hydrostannation18 reactions of alkynes can deliver Z alkenyl metal 
species with good stereoselectivity (usually >90% Z selectivity). Unlike hydroboration reaction, 
hydrosilylation and hydrostannation occur only in the presence of a Lewis acid catalyst or a 
radical initiator. The Lewis acid catalyzed protocols presumably proceed through a trans-attack 
of hydrosilane or hydrostanne to the alkyne, activated by Lewis acid, followed by 
transmetallation to deliver Z alkenyl silane or stannane product. 
Another notable method of transforming internal alkynes to the Z alkenes is partial 
hydrogenation using Lindlar’s catalyst.19 In contrast to the normal Pd on activated carbon for 
alkene hydrogenation, the component in Lindlar’s catalyst is palladium deposited on CaCO3, 
which is usually further poisoned with a lead component (lead acetate or lead oxide) and 
                                                
(17) Asao, N.; Liu, J.; Sudoh, T.; Yamamoto, Y. J. Org. Chem. 1996, 61, 4568–4571. 
(18) Na, Y.; Chang, S. Org. Lett. 2000, 2, 1887–1889. 
(19) For a review on catalytic alkyne metathesis reactions, see: Fürstner, A.; Davis, P. W. Chem. Commun. 2005, 
2307–2320. 
Chapter 1, Page  8 
quinolone in order to decrease its catalytic activity. The mechanism of the reaction is similar to 
other heterogeneous hydrogenation processes involving Pd or Pt catalysts: hydrogen is bound to 
the surface of the catalyst and Z alkenes are generated exclusively. Lindlar hydrogenation and its 
variations have been used extensively in organic synthesis, especially in preparation of Z 
macrocyclic alkenes when combined with catalytic ring-closing alkyne metathesis reactions. 
Thereby representative examples of its application will therefore be discussed in Chapter 2. 
1.2.b	  Substrate-­‐Controlled	  Z-­‐Selective	  Cross-­‐Metathesis	  Reactions 
Catalytic olefin metathesis reactions have become useful tools for alkene synthesis; 
however, stereoselective olefin metathesis to form Z alkenes is limited, with the exception of 
RCM to access small or medium rings where the formation of E olefin in the molecule is 
energetically forbidden. In cross-metathesis (CM), there have been only a few cases, especially 
when one of the cross partners bears an sp-hybridized substituent (an acrylonitrile or an alkyne), 
delivering alkene product with moderate to good Z selectivity. 
In 1995, Crowe and co-workers reported the first examples of Z-selective cross-
metathesis reaction, involving acrylonitrile and various terminal olefins as cross partners, 
catalyzed by the Schrock catalyst (Scheme 1.6).20 The resulting Z unsaturated nitriles were 
obtained in moderate yield and 80~90% stereoselectivity. The presence of acrylonitrile as one of 
the two cross partners is necessary for such selectivity and a model was proposed to explain the 
stereochemical outcome based on the minimization of steric interaction between imido ligand of 
the catalyst and the substituent on the alkene. Blechert group also reported a Ru-catalyzed 
                                                
(20) Crowe, W. E.; Goldberg, D. R. J. Am. Chem. Soc. 1995, 117, 5162–5163. 
Chapter 1, Page  9 
protocol for the similar transformations in 2001.21 Comparing with the Mo-catalyzed reactions, 
Ru-based catalyst promotes the CM to slightly higher efficiency but only about 80% Z selectivity. 
CN CH2Cl2
 22 oC, 3 h
+
CH2Cl2, 45 oC, 2 h
CN
H
O
CN OO
MeO2C
!"#$%&'()*$
+,#$-
+.#$%&'()*$!,#$-
Scheme 1.6:  Mo- and Ru-Catalyzed Cross-Metathesis of Acrylonitrile with Terminal Olefins
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Another class of substrates likely to give intrinsic Z selectivity is conjugated enyne. As 
shown in Scheme 1.7, the Chang group and Lee group have reported Z-selective CM processes 
with conjugated enynes, independently. 22  Over thirty examples were reported, however, 
selectivity varied from 70% Z to 96% Z. Ru-based 2nd generation Grubbs catalyst or its more 
reactive pyridine supported variant 1.30 was proven effective to promote the transformation. The 
proposed model is based on the steric interaction between the bulky NHC ligand and the 
substituents on the metallacyclobutane, resulting in the formation of Z olefin. 
                                                
(21) Randl, S.; Gessler, S.; Wakamatsu, H. Blechert, S. Synlett 2001, 430–432. 
(22) (a) Kang, B.; Kim, D.; Do, Y.; Chang, S. Org. Lett. 2003, 5, 3041–3043. (b) Hansen, E. C.; Lee, D. Org. Lett. 
2004, 6, 2035–2038. (c) Kang, B.; Lee, J.; Kwak, J.; Lee, Y.; Chang, S. J. Org. Chem. 2004, 69, 7661–7664. 
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Scheme 1.7:  Ru-Catalyzed Cross-Metathesis of Conjugated Enynes with Terminal Olefins
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Besides the examples in which cross partner bearing an sp-hybridized substituent (an 
acrylonitrile or an alkyne) delivers Z alkene product in CM, Snapper and co-workers developed 
ring-opening/cross-metathesis (ROCM) reaction of substituted cyclobutene and simple terminal 
olefin cross partners, as one of the earliest demonstration of the synthetic utility of ROCM.23 As 
shown in Scheme 1.8, 1 mol % 1st generation Grubbs catalyst was sufficient to promote the 
formation of 1,5-diene 1.40 in 68% yield and 76% Z selectivity. Similar to Crowe’s hypothesis, 
their proposed model minimizes the steric interaction between ligand of the catalyst (phosphine) 
and the substituent of the substrate.24 Though the Z selectivity is only moderate (typically 70% Z 
for the six examples reported), the formation of Z alkenes in CM with simple terminal alkenes is 
rare. 
                                                
(23) Randall, M. L.; Tallarico, J. A.; Snapper, M. L. J. Am. Chem. Soc. 1995, 117, 9610–9611. 
(24) Tallarico, J. A.; Randall, M. L.; Snapper, M. L. Tetrahedron 1997, 53, 16511–16520. 
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Scheme 1.8:  Ru-Catalyzed Ring-Opening/Cross-Metathesis of Cyclobutene with Terminal Olefins
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More recently, preparation of Z alkenyl chlorides by CM of trans 1,2-dichloroethene has 
been reported by the Grela group (Scheme 1.9).25 Because phosphine-containing catalysts, such 
as Grubbs catalysts, undergo the PCy3-involved decomposition with vinyl halides,26 nitro-
substituted 2nd generation Hoveyda-Grubbs catalyst 1.44 was utilized in this challenging process 
with several terminal olefins, affording Z alkenyl chlorides with up to 100% stereochemical 
purity. A large excess of 1,2-dichlorothene (100 equivalents) is required, however, yield of most 
cases is only moderate (<60%). Despite the unprecedented formation of Z alkenyl chlorides, no 
rationale was provided to account for the intriguing Z selectivity. 
ClCl
+
50 oC, 6 h!"##$%&'()*
Cl
N
O
Cl
S
Cl
Ru
Oi-Pr
NMesMesN
Cl
Cl
Scheme 1.9:  Synthesis of Z Alkenyl Chlorides from Cross-Metathesis
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1.2.c	   Representative	   Cases	   of	   Recent	   Advances	   in	   Catalytic	   Enantioselective	  
Ring-­‐Opening/Cross-­‐Metathesis	  (ROCM)	  Reactions 
                                                
(25) Sashuk, V.; Samojlowicz, C.; Szadkowska, A.; Grela, K. Chem. Commun. 2008, 2468–2470. 
(26) Macnaughtan, M. L.; Johnson, M. J. A.; Kampf, J. W. J. Am. Chem. Soc. 2007, 129, 7708–7710. 
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 Since the fist efficient cases of catalytic enantioselective olefin metathesis were reported 
in 1998 (RCM), 27  enantioselective ring-opening/cross-metathesis (ROCM) reactions have 
received significant attention, in which chiral catalyst can desymmetrize a meso cyclic olefin to 
deliver enantiomerically enriched molecules. In 1999, the Hoveyda group has reported the first 
examples of catalytic enantioselective ROCM reactions (Scheme 1.10).28 Norbornene-derived 
strained cyclic olefin 1.48 was treated with chiral Mo-diolate complex 1.49 in the presence of 
styrene, resulting in the formation of chiral substituted cyclopentane 1.50 in 99:1 er and complete 
E selectivity. Efficient Mo-catalyzed ROCM provides such functionalized cyclopentyl dienes in 
excellent enantioselectivity and E selectivity: examples include both secondary and tertiary 
ethers (1.51), as well as optically pure cyclopentyl epoxide (1.52) and dimethyl acetal. 
Mechanistic studies suggest this process goes through the formation of Mo benzylidene 
complexes. 
1.49
1.48 O
O
Mo
N
Ph
+
C6H6
22 oC, 7 h
(2 equiv)
Scheme 1.10:  First Enantioselective ROCM Reactions Catalyzed by Chiral Mo Catalyst
5 mol %
MeO !"#$%&'()*$+,,-.$'/
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Ph 0"#$%&'()
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(27) (a) Alexander, J. B.; La, D. S.; Cefalo, D. R.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. Soc. 1998, 120, 
4041–4042. (b) La, D. S.; Alexander, J. B.; Cefalo, D. R.; Graf, D. D.; Hoveyda, A. H.; Schrock, R. R. J. Am. Chem. 
Soc. 1998, 120, 9720–9721. 
(28) (a) La, D. S.; Ford, J. G.; Sattely, E. S.; Bonitatebus, P. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 
1999, 121, 11603–11604. (b) La, D. S.; Sattely, E. S.; Ford, J. G.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 
2001, 123, 7767–7778. 
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 Several chiral Ru-based catalysts developed in Hoveyda group have also been examined 
in ROCM reactions of strained norbornene-derived substrates. 29  To access heterocyclic 
structures by ROCM, significantly less strained oxabicyclic olefins, such as 1.53, were evaluated 
with chiral Ru complex 1.54; these transformations afforded a variety of substituted pyrans in 
good yield and enantioselectivity (Scheme 1.11).30 The same as the Mo-catalyzed procedures, 
the newly formed styrenyl olefins are usually in complete E selectivity. Based on this 
methodology, the first application of catalytic enantioselective ROCM to the total synthesis of 
baconipyrone C was reported in 2007.31 As depicted in Scheme 1.11, fully substituted oxabicycle 
1.56 was employed in ROCM reaction in the presence of chiral Ru complex 1.57; chiral pyran 
was obtained in 62% yield and 94:6 er and ROCM was easily carried out on a multigram scale. 
Treatment of pyran with Na/NH3 provided diene 1.59 as a single olefin isomer in 70% yield, 
which was then converted to (+)–Baconipyrone C. 
                                                
(29) (a) Van Veldhuizen, J. J.; Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 4954–
4955. (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. J. Am. Chem. Soc. 
2003, 125, 12502–12508. 
(30) Gillingham, D. G.; Kataoka, O.; Garber, S. B.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 12288–12290. 
(31) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 3860–3864. 
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Scheme 1.11:  Ru-Catalyzed Enantioselective ROCM and Application in the Synthesis of Baconipyrone C
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 Besides the pioneering work shown above, related studies have been conducted in 
Hoveyda group and other research groups,32 however, a number of issues remain unaddressed. 
One shortcoming relates to the limited range of cross partners utilized: nearly all cases are 
demonstrated with styrene olefins. Additionally, several problems regarding the stereochemical 
control of the reaction are unresolved: high enantioselectivity is observed in most 
enantioselective ROCM reactions; however, either E alkenes are formed predominantly or 
exclusively,27–29, 31a, b or a mixture of both olefin isomers is generated with minimal or no 
stereochemical control.31c–e Another problem concerns the extensive reaction times (up to 120 
hours),31d, e which might be required for achieving high conversion without the expense of higher 
catalyst loadings. The issue of catalyst efficiency is always associated with transformations 
                                                
(32) (a) Cortez, G. A.; Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 4534–4538. For a 
comparison of Mo- and Ru-based EROCM processes, see: (b) Cortez, G. A.; Baxter, C. A.; Schrock, R. R.; Hoveyda, 
A. H. Org. Lett. 2007, 9, 2871–2874. For Ru-catalyzed enantioselective ROCM reactions developed in other 
laboratories, see: (c) Berlin, J. M.; Goldberg, S. D.; Grubbs, R. H. Angew. Chem., Int. Ed. 2006, 45, 7591–7595. (d) 
Tiede, S.; Berger, A.; Schlesiger, D.; Rost, D.; Lühl, A.; Blechert, S. Angew. Chem., Int. Ed. 2010, 49, 3972–3975. 
(e) Kannenberg, A.; Rost, D.; Eibauer, S.; Tiede, S.; Blechert, S. Angew. Chem., Int. Ed. 2011, 50, 3299–3302. 
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promoted by complexes derived from ruthenium, which itself is a relatively rare and increasingly 
precious metal. 
 
1.3	   Highly	   Z-­‐	   and	   Enantioselective	   Ring-­‐Opening/Cross-­‐Metathesis	   (ROCM)	  
Reactions	  with	  Styrenes	  
1.3.a	  Mechanistic	  Models	   for	  Z	   Selectivity	   in	  Cross-­‐Metathesis	   (CM)	  Promoted	  
by	  MAP	  Complexes	  
Our investigation began in early 2008, when the Hoveyda group introduced a new class 
of olefin metathesis catalysts that bear a stereogenic metal center (Scheme 1.12). 33  Mo-
bispyrrolide complex 1.61 is treated with one equivalent of enantiomerically pure monoprotected 
binaphthol 1.62, generating the stereogenic-at-Mo complex 1.63 diastereoselectively (7:1 d.r.) by 
a mono-substitution. In the presence of the in situ-generated catalyst, RCM of complex triene 
substrate 1.64, proceeds smoothly to deliver Aspidosperma alkaloid quebrachamine in 84% yield 
and 98:2 er. Such transformation, however, cannot be performed efficiently or selectively with 
any other catalyst present at that time, which truly demonstrates the unique reactivity profile of 
the catalyst. 
                                                
(33) (a) Singh, R.; Schrock, R. R.; Müller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 12654–12655. (b) 
Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature 2008, 456, 933–937. (c) 
Sattely, E. S.; Meek, S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 943–
953. 
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Scheme 1.12:  Development of Stereogenic-at-Mo Complexes for Enantioselective RCM
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In developing a Z-selective cross-metathesis (CM) process, we projected that the 
flexibility of the monodentate Mo catalyst, such as 1.63, should prove beneficial. As shown in 
Scheme 1.13, control of olefin stereochemistry originates from sufficient size differential 
between the imido and aryloxide ligands of the Mo MAP complex. A sterically hindered and 
freely rotating (around the Mo–O bond) aryloxide ligand in combination with a sufficiently 
smaller (vs the aryloxide) imido ligand can force the substituent (R2) of the coordinating alkene 
to be syn to the alkylidene substituent (R1); both orient towards the smaller imido unit, thus 
complex II would be more favored than complex I. Such a pathway would result in the 
formation of an all-cis metallacyclobutane complex III. Productive decomposition of 
metallacycle III would furnish alkene complex IV followed by the subsequent release of Z olefin 
product. In contrast to the catalyst containing monodentate phenoxide ligand, the hexafluoro-t-
butoxide of a Mo complex or the rigidly held chiral bidentate ligand of Mo diolates, such as 1.49 
(Scheme 1.10), presents a less significant steric barrier, thus trans-substituted 
metallacyclobutanes would become energetically accessible. 
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Scheme 1.13: Proposed Model for Catalyst-Controlled Z-Selective Cross-Metathesis (CM) Reaction
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1.3.b	  Highly	  Z-­‐	  and	  Enantioselective	  ROCM	  Reactions	  of	  Strained	  Cyclic	  Olefins	  
with	  Styrenes	  
As the first step to investigate the validity of the above hypothesis, we began our study by 
subjection of oxabicycle 1.66 and styrene to the achiral Mo-based bisalkoxide complex 1.68 
(entry 1, Table 1.1). Most of the strained oxabicycle is consumed (93% conv), however, there is 
<10% formation of the desired ROCM product among the oligomeric byproducts. When Mo 
monoaryloxide monopyrrolide (MAP) complex 1.63 is examined, conversion to the desired 
ROCM product is again not observed (entry 2, Table 1.1). 1H NMR analysis of the reaction 
mixture suggests minimal formation of benzylidene species of the catalyst. Such a finding led us 
to consider that the large arylimido group in 1.63, in combination with the sizable aryloxide unit, 
results in a cumbersome Mo complex to allow for the formation of the requisite syn or anti 
benzylidene and subsequent CM. We thus prepared complex 1.69c, bearing a relatively smaller 
adamantylimido ligand; such alkylidene was formed in 3:1 diastereoselectivity. We proposed 
such an alteration would enhance the reactivity as well as promote kinetic Z selectivity due to the 
larger size differential. As shown in entry 3 of Table 1.1, when oxabicycle 1.66 is treated with a 
solution containing styrene and the catalyst, ROCM proceeds to 98% conversion within one hour, 
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delivering pyran 1.67 in 85% yield and 99:1 er. Most importantly, the desired Z alkene is 
obtained exclusively as a single isomer (Z:E = >98:<2).  
1 mol % complex
C6H6, 22 °C, 1 h
a Reactions were carried out in benzene at 22 oC for one hour under an 
atmosphere of nitrogen gas. b Except for 1.68, other Mo catalysts were 
synthesized in situ from the corresponding bis-pyrrolide and aryl alcohol. c 
Conversion and Z:E ratios were determined by analysis of 400 MHz 1H NMR 
of unpurified mixtures. d Yields of purified products, nd = not determined. e 
Determined by chiral HPLC analysis.
entry Conv. (%)c; Yield (%)d ere
1
2
3
4
5
6
Complexb
1.68
1.63
1.69c
1.69a
1.69b
1.69d
93; nd
<2; nd
98; 85
75; 57
>98;80
76; 60
nd
nd
>98:<2
80:20
95:5
>98:<2
Table 1.1:  Catalyst Screening for Z-Selective ROCM Reaction of Oxabicyclea
1.66 1.67
N
Mo
O L
TBSO
L
N PhMo
N
O
O
CF3F3C
F3C
F3C Ph
N
Mo
O Br
TBSO
Br
N Ph
1.63 1.69a (L = F);
       b (L = Cl);
       c (L = Br);
       d (L = I)
1.68
O
OTBS
O
OTBS
Z:Ec
+
(2 equiv)
Ph
nd
nd
99:1
95:5
95:5
99:1
Ph
 
Substituents other than bromine on the 3 and 3’ position of the binaphthol were also 
examined. It turned out only catalysts bearing halogen substituents are capable to promote the 
ROCM reaction efficiently, presumably because electron-withdrawing group leads to an 
increased level of Lewis acidity at the metal center. As the data in entry 4 of Table 1.1 indicate, 
when F-substituted binaphthol is used to prepare catalyst 1.69a, ROCM is catalyzed with 
reduced efficiency and selectivity: 75% conversion, 57% yield and 80% Z. Catalyst synthesis of 
1.69a is accompanied by generation of relatively inactive bisaryloxide complex (47% in the 
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mixture along with 46% unreacted bispyrrolide) because of the smaller size of fluorine atom. 
Thus, the amount of catalytically active MAP species is less than that indicated by the mole 
percent of bispyrrolide and alcohol used. The lower Z selectivity in the reaction with 1.69a is 
probably introduced by the E-selective ROCM process, albeit inefficiently, by the unreacted Mo 
bispyrrolide complex.34 The low enantiomeric purity of the E isomer (~65:35 er) supports our 
proposal that at least part of such product arises from reaction promoted by the achiral Mo 
bispyrrolide. Unlike the F-substituted catalyst, complexes containing Cl or I-substituted 
aryloxide promote the transformation with an equally exceptional level of Z selectivity (95% 
and >98%, respectively) as well as enantiomeric purity (95:5 er and 99:1 er, respectively, entries 
5 and 6, Table 1.1). 
                                                
(34) Control experiments indicate that with 5 mol % corresponding achiral bispyrrolide led to 21% conversion in the 
ROCM of 1.66 and the resulting olefin is formed in 25:75 Z/E; bisaryloxides derived from adamantylimido Mo 
bispyrrolide are inactive, promoting <2% conversion of 1.66. 
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entry ROCM Product mol % 1.69c
b;
time (h) conv (%);
c  yield (%)d
1.70
1                                              1.0; 0.5                       96; 80                    97:3          95:5
Table 1.2:  Z- and Enantioselective ROCM of 1.66 with Various Aryl Olefinsa
a-e See Table 1.1.
1.71
1.72
1.73
Z:E c
O
TBSO
O
TBSO
O
TBSO
O
TBSO
ere
2                                              1.0; 1.0                       96; 67                    98:2         >98:<2
3                                              2.0; 1.0                       94; 50                    99:1          89:11
4                                              2.0; 1.0                       97; 54                    99:1          88:12Me
Br
CF3
OMe
 
As disclosed in Table 1.2, different aryl olefins could be used as cross partner in ROCM 
of oxabicycle 1.66. Though the stereochemical purity of the newly formed olefinic bond can vary 
as a function of the electronic or steric attributes of styrenes, Z alkenes are always strongly 
preferred. ROCM with p-methoxystyrene and 1.69c as the catalyst within 30 minutes delivers 
chiral pyran 1.70 in 80% yield and 97:3 er; styrenyl olefin is generated with 95% Z selectivity 
(entry 1, Table 1.2). When the electron-withdrawing p-trifluoromethylstyrene is used, 1.71 is 
obtained with complete Z selectivity (Z:E = >98:<2, entry 2, Table 1.2), as well as exceptional 
enantioselectivity (98:2 er). It is possible that the higher activity of the electron-rich alkene cross 
partner allows part of the reaction through the sterically less favored anti alkylidene, leading to 
the lower Z selectivity in entry 1. It is noteworthy that despite using styrenes bearing larger 
substituent (o-bromostyrene and o-methylstyrene in entries 3 and 4, Table 1.2) in ROCM, the 
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selectivity for the Z olefin formation is only slightly diminished (>88% Z), presumably because 
of increased congestion in the all-cis metallacyclobutane. 
As demonstrated in Table 1.3, a range of strained cyclic olefins was utilized in this 
transformation. Silyl-protected oxabicycle 1.74, a diastereomer of 1.66, is subjected to the 
aforementioned ROCM condition; trisubstituted pyran 1.75 is obtained in 83% yield and 97:3 er, 
and the Z olefin is formed in 94% selectivity (entry 1, Table 1.3). ROCM reactions of 1.74 with 
electronically modified aryl olefins occur efficiently (~80% yield) and with high enantio- (96:4 
and 98:2 er, respectively) and Z selectivity (89% and 94%, respectively, entries 2 and 3, Table 
1.3). Benzyl-protected oxabicycles 1.78 and 1.80 are also employed in this transformation, 
affording trisubstituted pyrans in good efficiency and selectivity (75% yield, 92:8 er and 95% Z 
for 1.79; 80% yield, 92:8 er and 91% Z for 1.81, entries 4 and 5, Table 1.3). Comparing to the 
reactions with 1.74 (Table 1.1 and 1.2), larger amount (10.0 equivalents) of aryl olefins and 
higher catalyst loading are generally required to promote the transformation to an advanced 
conversion, which are likely results from the lower reactivity (reduced strain or intramolecular 
Mo chelation with the benzyl ether) of the bicyclic alkenes. Due to the same Mo–O chelation, 
elevated temperature (60 oC vs 22 oC in other cases) is necessary for achieving complete 
conversion of benzyl ether 1.78 (entry 4, Table 1.3). 
Chapter 1, Page  22 
entry ROCM Product mol % 1.69c
b;
time (h) conv (%);
c  yield (%)d
1.76
1                                                                    2.0; 1.0                       91; 83                    97:3          96:4
Table 1.3:  Z- and Enantioselective ROCM of Strained Cyclic Olefins with Aryl Olefinsa
a-e See Table 1.1.
1.77
Z:E c
O
TBSO
O
TBSO
ere
1.74
O
OTBS
1.75
O
OTBS
1.74
O
OTBS
1.74
O
OTBS
1.78
O
OBn
1.79
O
OBn
1.80
O
OBn
1.81
O
OBn
oxabicycle
2                                                                    3.0; 0.5                       90; 80                    96:4          89:11
3                                                                    2.0; 1.0                       97; 81                    98:2          94:6
4                                                                    5.0; 1.0                       98; 75                    92:8          95:5
5                                                                    2.0; 1.0                       84; 80                    92:8          91:9
1.85
6                                                                    1.0; 1.0                       98; 91                    96:4        >98:<2
1.87
1.82 1.83
1.84
1.86
7                                                                    1.0; 1.0                       92; 73                    97:3          93:7
8                                                                    3.0; 1.0                      >98; 82                   98:2          97:3
TBSO OTBS
BnO OBn
Ph Me
OTBS
PhTBSO
OBn
PhBnO
PhMePh
Ph
Ph
Ph
OMe
CF3
 
Other than oxabicycles, strained cyclobutenes and a cyclopropene were also evaluated in 
ROCM process. When bis-silyl ether cyclobutene 1.82 is used, similar to oxabicycle 1.66 (Table 
1.1), lower amounts of the catalyst (1.0 mol %) are sufficient for achieving desired allylether 
1.83 in 91% yield, 96:4 er and as a single Z olefin isomer (entry 6, Table 1.3). With bis-benzyl 
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ether cyclobutene 1.84 as the cyclic olefin source, the same as benzyl-protected oxabicycle 1.78 
(entry 4), ROCM has to be conducted at 60 oC, presumably due to the internal chelation between 
Mo and the sterically accessible and Lewis basic benzyloxy group35, delivering 1.85 in 73% 
yield, 97:3 er and 93% selectivity of the newly formed Z olefin (entry 7, Table 1.3). Catalytic 
ROCM of sterically hindered cyclopropene 1.86 proceeds to >98% conversion in the presence of 
3 mol % 1.69c; 1,4-diene 1.87, bearing a quaternary carbon stereogenic center, is formed in 97% 
Z selectivity, and isolated in 82% yield and 98:2 er (entry 8, Table 1.3). 
 
1.4	   Enol	   Ethers	   as	   Substrates	   for	   Efficient	   Z-­‐	   and	   Enantioselective	   ROCM	  
Reactions	  Promoted	  by	  Stereogenic-­‐at-­‐Mo	  Complexes	  
1.4.a	  Preliminary	   Studies	  with	  Commonly	  Used	  Mo-­‐	  and	  Ru-­‐Based	  Complexes,	  
and	  Stereogenic-­‐at-­‐Mo	  Complexes	  
Enol ethers are easily accessible cross partners, which have strong potentials in catalytic 
enantioselective ROCM reactions to afford versatile enantiomerically enriched products. 
Nonetheless, there have been only a limited number of examples where such O-substituted 
alkenes have been used in an intermolecular olefin metathesis reaction and all the previously 
reported processes have been catalyzed by achiral catalysts. In 2000, Ozawa and co-workers 
showed a Ru-catalyzed transformation involving norbornene and phenyl vinyl ether; however, 
                                                
(35) For an example of catalyst deactivation by a resident Lewis basic functional group in a Mo-catalyzed olefin 
metathesis reaction and relevant spectroscopic data regarding the chelated complex, see: Sattely, E. S.; Cortez, G. 
A.; Moebius, D. C.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 8526–8533. 
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the desired product was only obtained in 17% yield, and notably, with 85% Z selectivity.36 
Subsequent studies by Rainier group provided five additional transformations of ethylvinyl ether 
or enol acetate with 7-oxa or 7-azanorbornene with improved efficiency, promoted by achiral 
Ru-based carbenes; however, a nearly equal mixture of Z- or E-alkenes was uniformly 
generated.37 Thus, to the best of our knowledge, efficient catalytic ROCM reactions that involve 
an enol ether with effective control of either alkene stereoselectivity or enantioselectivity, have 
not been disclosed. 
As mentioned in the previous sections, we have developed the first examples of catalytic 
Z-selective ROCM reactions with aryl olefins; however, the restriction to styrenyl derivatives 
diminished the possibilities for functionalization. Thus, enol ethers were chosen as cross partners 
for ROCM transformations. Because of the unknown availability of such processes, we began by 
probing the ability of widely used Ru- and Mo-based complexes to catalyze a representative 
ROCM reaction with enol ether. Same as the studies of ROCM with styrenes, we selected TBS-
protected oxabicycle 1.66 as the substrate and examined processes involving commercially or 
easily accessible n-butylvinyl ether 1.88a or p-methoxyphenyl vinyl ether 1.88b (1.1 equiv). As 
the data in entry 1 of Table 1.4 indicate, with Ru carbene 1.90, 69% disappearance of the starting 
material is observed after half an hour, but only 32% desired product is isolated; the remainder of 
the substrate is likely consumed through oligomerization of the strained oxabicycle. Furthermore, 
the resulting disubstituted enol ether unit of the 2,4,6-trisubstituted pyran is generated as a 25:75 
mixture of Z and E olefin isomers. With the sterically more congested enol ether 1.88b as the 
cross partner (entry 2, Table 1.4), 95% conversion is observed, however, oligomerization of the 
                                                
(36) Katayama, H.; Urushima, H.; Nishioka, T.; Wada, C.; Nagao, M.; Ozawa, F. Angew. Chem., Int. Ed. 2000, 39, 
4513–4515. 
(37) (a) Weeresakare, G. M.; Liu, Z.; Rainier, J. D. Org. Lett. 2004, 6, 1625–1627. (b) Liu, Z.; Rainier, J. D. Org. 
Lett. 2005, 7, 131–133. 
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cyclic olefin represents the predominant pathway based on 1H NMR analysis of the crude 
mixture. In a similar fashion, with Mo bisalkoxide 1.69, the strained oxabicyclic olefin is 
consumed rapidly (98% conversion), but the desired ROCM products are isolated in 10% and 
14% yield, respectively (entries 3 and 4, Table 1.4). Under the Mo-catalyzed conditions, the 
product enol ether is generated either non-selectively (50:50 Z:E, entry 3) or with a moderate 
preference for the Z isomer (80% Z, entry 4, Table 1.4). Finally, when chiral Mo diolate 
complexes 1.49 or 1.91 is utilized, disappearance of the starting material is not detected even 
after 12 hours, presumably due to the low reactivity of the enol ether-derived alkylidenes (entries 
5–8, Table 1.4). 
1.88a: R = n-Bu
1.88b: R = PMP
NMesMesN
Ru
Cl
Cl
Oi-Pr
Ar = 2,4,6-i-Pr3C6H2
Mo
N
Ph
O
O
Ar
Ar
O
O
O
Mo
N
Ph
1 mol % complex
C6H6, 22 °C
a Reactions were carried out in benzene at 22 oC under an atmosphere of nitrogen gas. b 
Catalyst were prepared prior to usel. c Conversion and Z:E ratios were determined by 
analysis of 400 MHz 1H NMR of unpurified mixtures. d Yields of purified products, nd = 
not determined.
entry conv. (%)c; yield (%)dtime
1
2
3
4
5
6
7
8
complexb
1.90
1.90
1.68
1.68
1.49
1.49
1.91
1.91
69; 32
95; <5
98; 10
98; 14
<2; nd
<2; nd
<2; nd
<2; nd
25:75
nd
50:50
80:20
nd
nd
nd
nd
Table 1.4:  ROCM Reactions Involving Enol Ethers Catalyzed by Ru- and Mo-Based Complexesa
1.66
Mo
N
O
O
CF3F3C
F3C
F3C Ph
1.68
O
OTBS
Z:Ec
+ (1.1 equiv)OR
O
OR
OTBS
1.89a-b
enol ether
1.90 1.911.49
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
0.5
0.5
0.5
0.5
12
12
12
12
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Next, we investigated if stereogenic-at-Mo monoaryloxide monopyrrolide (MAP) 
complexes not only promote styrene ROCM reactions, but are capable to catalyze the enol ether 
ROCM as well. Besides the efficiency and enantioselectivity of the transformation, we were 
curious about whether the MAP complexes deliver the resulting disubstituted enol ether with a 
high degree of Z selectivity. 
We first discovered that ROCM of oxabicycle 1.66 with Mo-based MAP complex 1.92 
and enol ether 1.88a or 1.88b proceed with significantly higher efficiency than observed with the 
catalysts shown in Table 1.4. As illustrated in entries 1 and 2 of Table 1.5, with 1 mol % 1.92, 
complete consumption of oxabicycle 1.66 is observed in half an hour and the desired ROCM 
products 1.89a–b are obtained in 48% and 75% yield, respectively, and with about 80:20 Z:E 
selectivity (enantiomer ratios are not applicable since 1.92 is a racemic complex). Based on the 
formerly proposed models to account for Z selectivity, we suggested that reaction catalyzed by 
an alkylidene that bears a larger aryloxide ligand might deliver an improved stereoselectivity, 
however, as the data in entries 3 and 4 of Table 1.5 indicate, when di(i-propyl)arylimido MAP 
complex 1.63 is used, there is no significant generation of the desired ROCM products within 0.5 
hour. After 12 hours, under otherwise identical conditions, ROCM with 1.88a or 1.88b results in 
exclusive formation of Z enol ethers; reactions proceed to 48% and 31% conversion, 34% and 
27% yield, 97:3 er and 98:2 er, respectively. When the sterically less demanding 
dimethylarylimido MAP complex 1.93 is employed, despite the discrepancy between conversion 
and isolated yields, 1.89a–b are generated with improved efficiency (68% and 47% yield, 
respectively, and >98% Z in both cases, entries 5 and 6, Table 1.5) and exceptional 
enantioselectivity (99:1 er). Incomplete transformation and significant amount of oligomers 
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formation associated with MAP complex containing arylimido ligand (1.63 and 1.93) suggest the 
relatively lower reactivity of their newly formed O-substituted alkylidene. 
N
Mo
O L
TBSO
L
N Ph
N
Mo
O Br
TBSO
Br
N Ph
R R
1.92
1.69a (L = F);
       b (L = Cl);
       c (L = Br);
       d (L = I)
1.88a: R = n-Bu
1.88b: R = PMP
1 mol % complex
C6H6, 22 °C
0.5 h
entry conv. (%)c; yield (%)d
1
2
3
4
5
6
7
8
9
10
11
12
13
14
complexb
1.92
1.92
1.63
1.63
1.93
1.93
1.69a
1.69a
1.69b
1.69b
1.69c
1.69c
1.69d
1.69d
>98; 48
>98; 75
<5; nd
<5; nd
85; 68
86; 47
>98; 87
60; 41
>98; 87
>98; 80
>98; 89
>98; 90
>98; 87
>98; 85
80:20
82:18
nd
nd
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
Table 1.5:  Efficient Z- and Enantioselective ROCM Reactions with Stereogenic-at-Mo Complexesa
1.66
O
OTBS
Z:Ec
+ (1.1 equiv)OR
O
OR
OTBS
1.89a-b
enol ether
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
1.88a
1.88b
a-d See Table 1.4.e Enantiomer ratios were determined by HPLC analysis.; na = not applicable
Mo
N
PhN
O
CF3F3C
Me
ere
1.63 (R = iPr);
1.93 (R = Me)
na
na
nd
nd
99:1
99:1
97:3
89:11
98:2
92:8
99:1
99:1
98:2
99:1
 
It is when MAP complex 1.69a, bearing a 3,3’-difluoroaryloxide and a relatively smaller 
admantylimido group (vs 2,6-dialkylphenylimido), is utilized (entry 7, Table 1.5) that ROCM 
with n-butylvinyl ether 1.88a furnishes the desired pyran with exceptional efficiency (>98% 
conv, 87% yield), as well as in high Z- and enantioselectivity (>98% Z and 97:3 er). The 
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corresponding reaction with p-methoxyphenylvinyl ether 1.88b proceeds to 60% conversion, 
affording 1.89b in 41% yield, >98% Z but only 89:11 er (entry 8, Table 1.5). The less efficient 
reaction could be the result of the lower reactivity of O-substituted alkylidene due to the larger 
size of the aryl substituent in 1.88b (vs n-Bu in 1.88a), exacerbated by the lower concentration of 
the catalytically active complex 1.69a (as mentioned in 1.3.b, 0.07 mol % MAP species are 
generated upon reaction between 1.0 mol % bispyrrolide and 1.0 mol % phenol; however, 45–
50% of the less reactive bis-aryloxide is formed as the major component of the mixture). In the 
presence of dichloroaryloxide 1.69b (entries 9 and 10, Table 1.5), which is formed more 
efficiently in situ (~0.5 mol % of the desired alkylidene is generated from 1.0 mol % 
bispyrrolide), ROCM products 1.89a–b are isolated in higher yield (1.89a in 87% and 1.89b in 
80%), with enantioselectivity remaining at the same level (98:2 and 92:8 er, respectively) and 
complete Z selectivity in both cases. When the dibromide 1.69c is employed (0.6 mol % 
generated from 1.0 mol % bispyrrolide), further improvements are achieved in both efficiency 
(89% and 90% yield, respectively, entries 11 and 12, Table 1.5) as well as enantioselectivity 
(99:1 er in both instances), without diminution in the control of enol ether stereochemistry 
(>98% Z). There are nearly identical results when diiodoaryloxide catalyst 1.69d is used (entries 
13 and 14, Table 1.5), however, preparation of the requisite diiodoaryl alcohol involves a 
relatively lengthy procedure.38 We thus decided to use dibromoaryloxide 1.69c as catalyst for the 
follow-up studies. 
 1.4.b	  Mo-­‐Catalyzed	  Enantioselective	  ROCM	  of	  Cyclic	  Olefins	  with	  Enol	  Ethers 
                                                
(38) Synthesis of the diiodoaryl alcohol involves protection of the dibromo-diol as bis(methoxymethyl)ether, metal-
halogen exchange (n-BuLi) followed by treatment with I2, removal of the MOM groups and installation of a TBS 
group. 
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We then examined transformations of oxabicyclic olefins of different stereochemical 
identities that contain varying protecting groups at their alkoxy substituent, and the results of our 
investigations are summarized in Table 1.6. When exo oxabicycle 1.74 is subjected to 1.1 
equivalents of n-butylvinyl ether 1.88a (entry 1, Table 1.6) or p-methoxyphenyl vinyl ether 
1.88b in the presence of 1.69c (entry 3, Table 1.6), ROCM processes proceed readily to >98% 
conversion with complete Z selectivity; however, in stark contrast with the endo oxabicycle 1.66 
(cf. Table 1.5), there is hardly any enantioselectivity (52:48 er for 1.94a and 57:43 for 1.94b). 
Subsequent studies, further discussed in section 1.4.d, allowed us to establish that when larger 
amounts of enol ether 1.88a–b are employed, as the results in entries 2 and 4 of Table 1.6 
indicate, the desired Z enol ether ROCM products are formed in high enantioselectivity (95:5 er 
for 1.94a and 92:8 er for 1.94b).  
The ROCM data (entries 5–10, table 1.6) of oxabicyclic benzyl ethers 1.78 and 1.80 
illustrate that the requirement of excess enol ether cross partner for obtaining high degree of 
enantioselectivity is particular to exo oxabicycle substrates. When endo oxabicyclic benzyl ether 
1.78 is utilized in ROCM with 1.1 equivalents of cross partner, pyrans 1.95a and 1.95b are 
obtained in good efficiency (75% and 80% yield, respectively) and excellent enantioselectivity 
(97:3 er in both instances, entries 5 and 6, Table 1.6). With exo isomer of the oxabicycle, 30 
equivalents of enol ether are necessary for attaining an optimal enantioselectivity (95:5 for 1.96a 
and 97:3 for 1.96b, entries 8 and 10, Table 1.6), otherwise, enantioselectivity of the pyrans drops 
significantly, especially when 1.1 equivalents of enol ether are utilized (58:42 for 1.96a and 
82:18 for 1.96b, entries 7 and 9, Table 1.6). But it should be noted that pyran products 1.95a–b 
as well as 1.96a–b are generated with >98% Z selectivity regardless of the conditions used. 
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entry ROCM Product vinyl etherequiv conv (%);
b  yield (%)c
1                                                                       1.1                      >98; 53                    52:48        >98:<2
Table 1.6:  Z- and Enantioselective ROCM Reactions Promoted by Stereogenic-at-Mo Complex 1.69ca
a Reactions were carried out in benzene at 22 oC under an atmosphere of nitrogen gas with 1.69c generated in situ from 
reaction of 1.0 mol % of the bispyrrolide and enantiomerically pure aryl alcohol; reaction time = 30 min.. b Conversion and Z:E 
ratios were determined by analysis of 400 MHz 1H NMR of unpurified mixtures. c Yields of purified products. d Enantiomer 
ratios were determined by HPLC analysis.
Z:Eberd
1.74
O
OTBS
1.74
O
OTBS
1.78
O
OBn
1.80
O
OBn
oxabicycle
1.80
O
OBn
1.78
O
OBn
O
OPMP
OBn
1.95b
O
On-Bu
OTBS
1.94a
O
OPMP
OTBS
1.94b
O
On-Bu
OBn
1.96a
O
On-Bu
OBn
1.95a
O
OPMP
OBn
1.96b
2                                                                       30                       >98; 88                    95:5          >98:<2
3                                                                       1.1                      >98; 86                    57:43        >98:<2
4                                                                       20                       >98; 87                    92:8          >98:<2
5                                                                       1.1                      >98; 75                    97:3          >98:<2
6                                                                       1.1                      >98; 80                    97:3          >98:<2
9                                                                       1.1                        94; 82                    82:18        >98:<2
10                                                                     30                       >98; 87                    97:3          >98:<2
7                                                                       1.1                        96; 54                    58:42        >98:<2
8                                                                       30                       >98; 88                    95:5          >98:<2
 
Z- and enantioselective ROCM with enol ethers is not limited to reactions with 
oxabicyclic olefins. As demonstrated in entries 1–3 of Table 1.7, reactions of endo azabicycle 
1.97 with p-methoxyphenyl vinyl ether 1.88b deliver 2,4,6-trisubstituted piperidine 1.98b. 
Though the transformation is significantly less efficient than with oxabicycles, particularly when 
lower amounts of the enol ether cross partner are employed, ROCM in the presence of 20 
equivalents cross partner generates the desired product in 90% yield and 91:9 er, and enol ether 
Chapter 1, Page  31 
olefin is formed with 92% Z selectivity. The relatively diminished preference for the Z alkene 
compared to the reactions involving oxabicyclic substrates might be partly because of the 
requisite elevated temperature (60 oC vs 22 oC) for attaining a higher conversion. The reactivity 
differential between azabicycle 1.97 and oxabicycles is likely the reason for the necessity of a 
higher catalyst loading (5.0 vs 1.0 mol %) as well as the need for excess enol ether cross partner. 
Another attribute of the reactions with 1.97, unlike those with oxabicycles, relates to lower Z 
selectivity when fewer equivalents of cross partner are involved. It is possible that such a 
difference in Z selectivity partly comes from catalyst-induced alkene isomerization at elevated 
temperature: when the reaction in entry 1 of Table 1.7 is analyzed after 30 minutes, an 85:15 
mixture of Z and E isomers of 1.98b is observed (vs 75:25 after 3 h). Mechanistic models that 
explain the dependence of stereo- and enantioselectivity on enol ether concentration will be 
addressed in the later sections of this chapter. 
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1.82
1.84
1.86
TBSO OTBS
BnO OBn
Ph Me
N
OTBS
N
OTBS
OPMP
OTBS
On-BuTBSO
OTBS
OPMPTBSO
OBn
OPMPBnO
OBn
On-BuBnO
On-BuMePh
OPMPMePh
Me
Me
entry ROCM Product vinyl etherequiv
conv (%);b 
yield (%)c
1                                                                       2.0              5.0           60; 3.0           28; 25           72:28        75:25
Table 1.7:  Z- and Enantioselective ROCM Reactions of Enol Ethers with an Azabicycle, Cyclobutenes, and a 
Cyclopropene Promoted by Stereogenic-at-Mo Complex 1.69ca
a-d See Table 1.6.
Z:Eberd
1.97
cyclic olefin
1.100b
1.98b
1.99b
1.100a
1.99a
1.101b
temp ( oC);
time (h)
mol %
1.69c
1.101a
2                                                                       10               5.0           60; 3.0           69; 50           75:25        75:25
3                                                                       20               5.0           60; 3.0           98; 90           91:9          92:8
4                                                                       1.1              1.0           22; 0.5           60; 52           80:20        97:3
5                                                                       10               1.0           22; 0.5         >98; 90           86:14        96:4
6                                                                       1.1              1.0           22; 0.5           57; 34           68:32        95:5
7                                                                       10               1.0           22; 0.5         >98; 90           85:15        94:6
8                                                                       20               1.0           60; 0.5         >98; 61           85:15        84:16
9                                                                       20               1.0           60; 0.5         >98; 73           85:15        98:2
10                                                                     10               5.0           22; 0.5           93; 79           95:5       >98:<2
11                                                                     2.0              5.0           22; 0.5           95; 71           97:3       >98:<2
 
When bis-silyl ether cyclobutene 1.82 is used (entries 4–7, Table 1.7), similar to endo 
oxabicycles, 1.0 mol % of the catalyst is sufficient for achieving complete conversion; however, 
the requirement for excess cross partner to achieve high enantioselectivity (cf. entries 4 vs 5 and 
entries 6 vs 7, Table 1.7) is reminiscent of the exo oxabicyclic alkenes. Gratifyingly, in the 
presence of 10 equivalents of enol ether 1.88a–b, ROCM products 1.99a–b are obtained with 
good efficiency (90% yield in both cases) and enantioselectivity (>85:15 er, entries 5 and 7, 
Table 1.7). With bis-benzyl ether cyclobutene 1.84 as the cyclic olefin substrate (entries 8 and 9, 
Table 1.7), reactions are significantly slower at 22 oC, in spite of the smaller size of benzyloxy 
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groups (vs OTBS in 1.82). The difference in reactivity is possibly due to the internal chelation 
between the metal center and the sterically accessible and Lewis basic alkoxy group, as 
discussed in 1.3.b, leading to the lowering of reaction rate. Consequently, as shown in entries 8 
and 9 of Table 1.7, elevated temperature (60 vs 22 oC in ROCM of 1.84) is necessary for 
attaining complete conversion to diene 1.100a–b; diene products are formed in 85:15 er and 
isolated in 61% and 73% yield, respectively. It is noteworthy that the Z selectivity in the 
synthesis of 1.100a is lower than all other examples, which is likely the result of elevated 
temperature required for an efficient transformation, causing Mo-catalyzed isomerization of the 
kinetically preferred Z-enol ether. Such isomerization of the sterically more hindered 1,2-
disubstituted enol ether in 1.100b probably occurs less readily (98% Z, entry 9, Table 1.7). 
Catalytic enantioselective ROCM of cyclopropene 1.86 (entries 10 and 11, Table 1.7) 
proceeds to complete conversion within 30 minutes, delivering 1,4-dienes 1.111a–b, containing 
an all-carbon quaternary stereogenic center. ROCM products are obtained in 79% and 71% yield, 
and 95:5 and 97:3 er, respectively. It should be noted that the newly formed disubstituted enol 
ethers are generated with >98% Z selectivity, like most of the other examples. Comparing with 
the stereochemical outcomes of ROCM with cyclobutenes 1.82 and 1.84 (entries 4–9, Table 1.7), 
the relatively higher enantioselectivity observed with cyclopropene arises from the higher degree 
of steric differentiation between the two faces of the cyclic alkene, whereas the oxygen atoms of 
1.82 and 1.84 reduce the effective size of the silyl and benzyl ether units. 
1.4.c	   Utility	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   Chemical	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 A hallmark of the present class of catalytic reactions is efficiency of these highly Z- and 
enantioselective processes. As further demonstration of the exceptional facility of the Mo-
catalyzed ROCM reactions and as the representative cases in Scheme 1.14 indicate, the reactions 
can be conducted in minimal amount of solvent in the presence of only 0.25 mol % of the Mo 
MAP complex 1.69c, leading to complete consumption of starting materials within 10 minutes to 
deliver the desired heterocyclic Z enol ethers in >76% yield and with exceptional 
enantioselectivity. For example, as will be discussed in Chapter 3, under identical reaction 
conditions, pyran 1.95a is obtained in 88% yield and 99:1 er from a Mo-catalyzed gram-scale 
ROCM of oxabicycle 1.78. 
Scheme 1.14: Highly Efficient Mo-Catalyzed Z- and Enantioselective ROCM Reactions
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The enantiomerically enriched dienes available through Mo catalyzed ROCM reactions 
can be functionalized in a variety of manners. As shown in Scheme 1.15, several examples of 
reactions with Z-enol ethers are summarized. In contrast to the related previously disclosed 
protocols involving aryl olefins as cross partners, the two alkenes of the enol ether ROCM 
products are electronically distinct and thus can be readily differentiated. As the treatment of 
ROCM products with acid illustrates, the enol ether moiety can be efficiently hydrolyzed to 
afford the desired aldehyde 1.102 and 1.103 in 87% yield. Aldehydes, such as 1.102 and 1.103, 
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are useful intermediates, allowing access to a range of additional enantiomerically enriched 
molecules. γ–δ-Unsaturated aldehyde 1.103, bearing an all-carbon quaternary stereogenic center 
at its β carbon constitutes the product of a conjugate addition, which does not have a catalytic 
enantioselective variant available. 
O CHO
OBn
!"#$%&'()$*+",-$'./
1 M HCl (aq)
thf, 22 oC, 5 h
Me
O
CO2Et O
On-Bu
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Scheme 1.15: Representative Functionalizations with Enantiomerically Enriched Enol Ethers
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The Z enol ethers of ROCM products can participate in diastereoselective transformations, 
as the two examples in Scheme 1.15 indicate. Treatment of pyran 1.89a with mCPBA results in 
epoxidation; however, the O-substituted oxirane is unstable and undergoes ring-opening in the 
presence of in situ generated sodium benzoate. Upon the treatment with diisobutylaluminum 
hydride, the crude mixture of acetal 1.104 is converted to diol 1.105 as a 3:1 mixture of 
diastereomers in 43% overall yield.39 Equally noteworthy is the Cu-catalyzed diastereoselective 
                                                
(39) For representative reports regarding epoxidation reactions of enol ethers, see: (a) Stevens, C. L.; Tazuma, J. J. 
Am. Chem. Soc. 1954, 76, 715–717. (b) Schreiber, S. L.; Hoveyda, A. H.; Wu, H-J. J. Am. Chem. Soc. 1983, 105, 
660–661. (c) Troisi, L.; Cassidei, L.; Lopez, L.; Mello, R.; Curci, R. Tetrahedron Lett. 1989, 30, 257–260. 
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inverse electron-demand Diels-Alder reaction of enol ether 1.94a with ketoester 1.106, affording 
bispyran 1.107 in 79% yield and 5:1 diastereoselectivity.40 
1) 2 equiv 9-BBN
thf, 0 oC, 1 h
2) H2O2, NaOH
22 oC, 1 h
1) 3 equiv Bz2O, dmap, Et3N, 
CH2Cl2, 22 oC, 14 h
2) O3, CH2Cl2, MeOH, -78 oC, 7 min
3) NaBH4, 22 oC, 30 min
OTBS
OTBS
BzO OH
1) 5 mol % Rh(PPh3)3Cl
2 equiv catechol borane
thf, 0 oC, 1.5 h
2) H2O2, NaOH
1 h, 22 oC
O
OBn
On-Bu
1.108
HO
1) O3, CH2Cl2, MeOH
-78 oC, 7 min
2) NaBH4, 
22 oC, 30 min
O
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HO OH
O
O
Me
PhOn-BuPh Me
HO
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thf, 0 oC, 1 h
2) H2O2, NaOH
22 oC, 1 h
1) O3, CH2Cl2, MeOH
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2) NaOMe, 22 oC, 30 min
Scheme 1.16: Sequential Functionalizations of Enantiomerically Enriched Dienes Obtained through Mo-Catalyzed 
ROCM Reactions
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Furthermore, the sterically differentiated diene system allows the sequential 
functionalizations of these enantiomerically enriched molecules obtained from Mo-catalyzed 
ROCM reactions. As shown in Scheme 1.16, Rh-catalyzed chemoselective 
hydroboration/oxidation41 of pyran 1.96a results in the formation of 1.108 in 81% yield, which 
upon ozonolysis/reduction is converted to optically enriched diol 1.109. A similar compound has 
been previously synthesized in the course of a total synthesis of leucascandrolide.42 In addition to 
the selective functionalization of pyran-containing diene, more sterically hindered dienes, such 
as 1.99a from cyclobutene ROCM, or 1.101a from cyclopropene ROCM, are transformed to 
heavily functionalized molecules under similar routes; affording protected tetraol 1.111 and γ-
butyrolactone 1.113, respectively.  
                                                
(40) Evans, D. A.; Johnson, J. S.; Olhava, E. J. J. Am. Chem. Soc. 2000, 122, 1635–1649. 
(41) (a) Evans, D. A.; Fu, G. C.; Hoveyda, A. H. J. Am. Chem. Soc. 1988, 110, 6917–6918. (b) Evans, D. A.; Fu, G. 
C.; Hoveyda, A. H. J. Am. Chem. Soc. 1992, 114, 6671–6679. 
(42) Paterson, I.; Tudge, M. Tetrahedron 2003, 59, 6833–6849. 
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1.4.d	  Mechanistic	  Analysis:	  the	  Significance	  of	  Stereogenicity	  at	  the	  Mo	  Center 
As described above, larger equivalents of the enol ether cross partner are required to 
attain higher enantiomeric purity, in the cases of certain cyclic alkene substrates (cf. Tables 1.6 
and 1.7). Specifically, catalytic ROCM reactions with oxabicyclic olefins that contain an exo 
siloxy or benzyloxy group (entries 1–4 and 7–10 in Table 1.6) otherwise afford pyran products 
with relatively low enantioselectivity (52:48–82:18 er vs 92:8–97:3 er with excess enol ether), 
which is in sharp contrast to the corresponding endo oxabicycles (cf. Table 1.5 and entries 5 and 
6, Table 1.6). Other transformations where enantioselectivity improves with excess enol ether, 
albeit not as significant as the former ones, are ROCM reactions of cyclobutenes 1.82 and 1.84 
(cf. entries 4–9, Table 1.7). Hence, we conducted a systematic investigation with different 
amounts of enol ethers (1.88a or 1.88b), summarized in Table 1.8, which further underlines the 
strong dependence of enantioselectivity in Mo-catalyzed ROCM of the aforementioned classes 
of cyclic alkenes.  
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entry ROCM Product vinyl etherequiv conv (%);
b  yield (%)c
a Reactions were carried out in benzene at 22 oC under an atmosphere of nitrogen gas with 1.69c generated 
in situ from reaction of 1.0 mol % of the bispyrrolide and enantiomerically pure aryl alcohol; reaction time = 
30 min. b Conversion and Z:E ratios were determined by analysis of 400 MHz 1H NMR of unpurified 
mixtures. c Yields of purified products. d Enantiomer ratios were determined by HPLC analysis.
Z:Eberd
O
On-Bu
OTBS
1.94a
O
OPMP
OTBS
1.94b
OTBS
On-BuTBSO
OTBS
OPMPTBSO
Table 1.8:  Influence of the Amount of Enol Ether Cross Partners on the Efficiency and 
Enantioselectivity of ROCM Reactionsa
1.99b
1.99a
1.1
5
10
20
30
1.1
5
10
20
30
1.1
2
5
10
1.1
2
5
10
>98; 53
>98; 80
>98; 80
>98; 85
>98; 88
97; 86
>98; 87
>98; 90
>98; 87
>98; 82
60; 52
65; 53
97; 89
>98; 90
57; 34
68; 58
98; 90
>98; 90
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
97:3
97:3
97:3
96:4
95:5
94:6
94:6
94:6
52:48
63:37
73:27
85:15
95:5
57:13
85:15
92:8
92:8
92:8
80:20
80:20
83:17
86:14
68:32
75:25
81:19
85:15
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
 
Oxabicycle 1.74 and cyclobutene 1.82 were selected to demonstrate such influence by 
carefully increasing the concentration of enol ether. Pyran 1.94a, generated in racemic form with 
1.1 equivalents 1.88a, can be obtained in 63:37 er when 5 equivalents of cross partner is used; 
the optimal enantioselectivity is obtained with 30 equivalents 1.88a (entries 1–5, Table 1.8). 
While p-methoxyphenyl vinyl ether is utilized as cross partner, such increase in 
enantioselectivity stops when 20 equivalents of cross partner are involved (entries 6–10, Table 
1.8). As mentioned above, the influence of enol ether concentration on enantioselectivity is less 
significant with cyclobutene 1.82. For example, ROCM product 1.99a is formed in 86:14 er in 
the presence of 10 equivalents cross partner, which is only a slight improvement comparing with 
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80:20 er, obtained with 1.1 equivalents cross partner (entries 11–14, Table 1.8). The 
enantioselectivity stays at 86:14 er with higher equivalents of 1.88a, and the same results are 
observed with 1.99b when 1.88b is used. Unlike enantioselectivity, the exceptionally high level 
of Z selectivity, however, is unaltered by enol ether concentration in the above cases. 
One reason for such dependence of enantioselectivity in ROCM of exo (but not endo) 
oxabicyclic alkenes might arise from the higher tendency of products-derived alkylidenes to 
undergo ring closure. Such regeneration of the cyclic substrates leads to a ring-opening/ring-
closing process that can result in diminution of kinetically derived enantioselectivity.43 As shown 
in Scheme 1.17, the diene of pyran ring within Mo alkylidene II, generated from the reaction 
between oxabicycle 1.74 and enol ether alkylidene I, can undergo RCM to reform 1.74. Though 
ring flip of the pyran ring, complex II can be converted to its conformational isomer III, the 
energetic difference between the two species is not so significant that the latter exists in solution 
exclusively. The possibility of such equilibration between II and III allows the overall process to 
occur under thermodynamically controlled (reversible) conditions, lowering the 
enantioselectivity of the reaction. In the presence of excess amounts of enol ether, CM reaction 
with intermediate complexes II or III takes place more readily, regenerating catalyst I while 
minimizing the degree of reversible condition that reduced enantioselectivity. Therefore, higher 
enantioselectivity is obtained with an increase in enol ether concentration. In contrast, the 
alkylidene IV, formed through reaction of the endo oxabicyclic substrate 1.66, is unlikely to 
                                                
(43) Reversibility in a catalytic enantioselective reaction leads to erosion of enantiomeric purity, since the minor 
enantiomer undergoes the reverse process less readily than the major product isomer (larger activation barrier to 
minor isomer translates to a higher activation energy for the backward reaction as well). As a result, every time the 
major enantiomer is converted to the starting material and the enantioselective transformation takes place, a certain 
amount of the minor enantiomer is again formed. Repetition of this sequence leads to eventual generation of racemic 
product. Thus, a catalytic enantioselective reaction that is more highly selective (i.e., the barrier for formation and 
reversion of the minor isomer is higher) requires a longer time to achieve equilibration, since with every 
reverse/forward sequence, less of the minor enantiomer, which less readily participates in the reverse reaction, is 
generated. The larger the amount of the minor enantiomer generated with each cycle, the less time it takes to 
accumulate 50% of that isomer (i.e., reach complete equilibration between the two enantiomers). 
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participate in the aforementioned ring-closure to regenerate the more strained oxabicycle (vs exo 
isomer 1.74), because the relatively high-energy all-axial pyran of complex IV likely isomerizes 
rapidly to all-equatorial V, which cannot undergo RCM (Scheme 1.17). 
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Scheme 1.17:  Relative RCM Rate of ROCM Products as a Function of Sterechemical Identity of the 
Intermediate Alkylidene
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The validity of the above scenario is proved by the substantial variations in enantiomeric 
purity of ROCM products as a function of reaction time. Within half a minute, pyrans 1.94a–b, 
ROCM products of exo oxabicycle 1.74, are obtained in 95:5 and 90:10 er in the presence of 5 
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equivalents cross partners (entries 1 and 2, Table 1.9). When ROCM reactions are quenched after 
only three minutes, enantioselectivity is significantly decreased (85:15 er and 86:14 er, 
respectively; entries 3 and 7, Table 1.9). Particularly in the case of 1.94a, diminution of 
enantioselectivity continues after 3 minutes, resulting in a lower enantioselectivity (63:37 er, 
entry 4, Table 1.9). It is plausible that facile rates of RCM/ROM process can therefore lead to 
highly efficient erosion of enantioselectivity. 
entry ROCM Product time (min) conv (%);b  yield (%)c
a-d See Table 1.8.
Z:Eberd
O
On-Bu
OTBS
1.94a
O
OPMP
OTBS
1.94b
Table 1.9:  Influence of Reaction Time on the Efficiency and Enantioselectivity of ROCMa
0.5
1.0
3.0
30
0.5
1.0
3.0
30
97; 83
>98; 89
>98; 86
>98; 80
97; 86
97; 82
>98; 83
>98; 97
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
>98:<2
95:5
90:10
86:14
63:37
90:10
87:13
86:14
85:15
1
2
3
4
5
6
7
8
 
To further support the proposed mechanistic scenario, we re-subjected several 
enantiomerically enriched ROCM products to the reaction conditions to confirm that the 
aforementioned RCM of pyrans is indeed detrimental to enantioselectivity. Treatment of Mo-
based complexes 1.69c with diallyl ether leads to the formation of the corresponding 
methylidene species upon facile RCM. The in situ generated catalysts serve as a surrogated 
system for the condition of ROCM reactions. As the findings summarized in Table 1.10 indicate, 
loss of enantiomeric purity by post-ROCM isomerization afflicts the reactions of exo oxabicyclic 
substrates (pyran 1.94a–b, entries 3 and 4, Table 1.10), however, as predicted by the model 
illustrated in Scheme 1.17, there is hardly any racemization observed with products derived from 
reactions of the endo diastereomers (pyran 1.89a–b, entries 1 and 2, Table 1.10). 
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O
OR
OTBS
1.89
O
OR
OTBS
1.94
or
Table 1.10:  Tendency of Diastereomeric ROCM Products to Undergo Racemizationa,b
1 mol % 1.69c
pretreated with
diallyl ether
C6H6, 22 oC, 0.5 h
entry ROCM Product recovered yield (%)c
a Reactions were carried out in benzene at 22 oC under an atmosphere of nitrogen gas with 1.69c 
generated in situ from reaction of 1.0 mol % of the bispyrrolide and enantiomerically pure aryl 
alcohol. b Enantiomer ratios were determined by HPLC analysis. c Yields of purified products.
initial erb
O
On-Bu
OTBS
1.89a
O
OPMP
OTBS
1.89b
1
2
3
4
!"#$%#"!&$'!"!(#)*"+,
O
On-Bu
OTBS
1.94a
O
OPMP
OTBS
1.94b
45
80
22
72
recovered erb
98:2
99:1
95:5
92:8
95:5
98:2
55:45
63:37
 
Another key factor of the reaction is the stereochemical identity of the alkylidene 
diastereomer (S or R at the Mo center) that participates in the ROCM process, because both 
diastereomers are available in the in situ-generated catalyst. As outlined in Scheme 1.18, such 
investigations can elucidate which pyran-containing alkylidene is involved (V vs X, Scheme 
1.18) and how critical is the facility with which the two oxygen-substituted alkylidene 
diastereomers isomerize (i.e., S-I vs R-I leading to VII vs IX, respectively, in Scheme 1.18). 
Previous studies performed in Hoveyda group towards these stereogenic-at-Mo complexes 
include examination of various kinetic parameters, labeling studies as well as X-ray structures 
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corresponding to the two diastereomeric forms.44 Such studies lead us to postulate that one 
isomer is substantially more reactive than the other; more specifically, the S isomer of complexes 
shown in Schemes 1.18 is more active. The main reason for such reactivity difference appears to 
be the steric interaction between the large aryloxide ligand and incoming cyclic alkene, which 
likely approaches anti to the pyrrolide ligand (cf. VIII in Scheme 1.18). Nonetheless, both 
stereoisomers likely promote highly Z-selective processes because the size differential between 
the adamantylimido group and aryloxide ligand remains unaltered. 
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Scheme 1.18:  Mechanistic Model: Reaction through the S Mo Complex Diastereomers is Likely More Facile
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Based on the aforementioned hypothesis, one alkylidene diastereomer (S-I, Scheme 1.18) 
reacts preferentially with the cyclic alkene substrate; nonetheless, the rate with which the two 
oxygen-substituted alkylidenes (S-I and R-I) isomerize may influence the overall reaction rate 
and enantioselectivity. As depicted in Scheme 1.19, the two alkylidenes interconvert more 
                                                
(44) Meek, S. J.; Malcolmson, S. J.; Li, B.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 16407–
16409. 
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readily as a result of an increasingly facile non-productive or degenerate olefin metathesis at 
higher enol ether concentration, which likely proceeds via the symmetric metallacyclobutane 
XI.44 When the interconversion proceeds rapidly, the more reactive diastereomer (i.e. S-I) 
remains more available, allowing ROCM to proceed enantioselectively. The reaction pathway 
through R alkylidene (R-I), promoting ROCM via VIII, IX, and X (Scheme 1.18), causes 
diminution of enantioselectivity, unless the R isomer is rapidly isomerized to the S isomer. Rapid 
conversion of R-I to S-I thus ensures a faster rate of formation as well as higher 
enantioselectivity of desired ROCM products. 
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Scheme 1.19:  Interconversion of Diastereomeric Mo Complexes through Non-productive Olefin Metathesis
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(1.88a and d2-1.88a removed in vacuo)  
Experimentally, the proposal is in accordance with our previous mechanistic studies and 
is further supported by the deuterium scrambling observed when a mixture of 1.88b and d3-1.88b 
are subjected to 2 mol % 1.69c (Scheme 1.19). Facile scrambling of the deuteriums occurs within 
30 minutes, generating significant amounts of d1-1.88b and d2-1.88b (detected by high resolution 
mass spectrometry). Similarly, when an equal mixture of 1.88a and d3-1.88b is treated under 
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identical condition, the resulting mixture is analyzed by 400 MHz 1H NMR spectroscopy after all 
the volatiles (including 1.88a and d2-1.88a) are removed, indicating a 45:55 mixture of d1-1.88b 
and d3-1.88b (Scheme 1.19).45 Such experimental evidence further supports our proposal of 
exchange of two alkylidene diastereomers via the intermediacy of symmetric metallacyclobutane 
XI. 
Furthermore, we suggest the rate of interconversion between alkylidene stereoisomers is 
especially relevant to ROCM reactions with cyclobutene substrates, where substantially higher 
ring strain renders post-metathesis RCM unlikely (in contrast to the less strained oxabicycles).  
The fact that higher concentration of enol ether leads to higher enantioselectivity, as shown in 
entries 11–18 of Table 1.8, is likely a result of an increased rate of degenerate olefin metathesis 
with enol ethers, leading to a steady concentration of the more active and stereochemically 
discriminating S-I complex.  
Similar principles may also account for why in reactions of exo oxabicyclic alkenes (e.g., 
entries 1 vs 2, Table 1.8), lower enol ether concentration leads to a lower yield of desired product 
as well as formation of significant amounts of meso bis-cross products (1.114 via XIII, Scheme 
1.20). As described in Scheme 1.20, the less reactive R-III, derived from S-I, undergoes reaction 
preferably through the sterically less congested, symmetrically substituted metallacyclobutane 
XII to produce the major enantiomer of pyran. In contrast, alkylidene X, a more reactive S-Mo 
complex, while producing the alternative minor enantiomer of the pyran through XV, may lead 
to the formation of the meso bis-cross product 1.114 through metallacyclobutane XIII. Excellent 
efficiency and enantioselectivity thus depend on the rate of alkylidene stereoisomers 
interconversion, not only because the correct alkylidene isomer (S-I) can then efficiently 
                                                
(45) Enol ethers do not undergo homocoupling or cross-metathesis reactions with another vinyl ethers. Thus, the 
observed deuterium scrambling is not due to such processes followed by monomer regeneration through ethynolysis. 
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participate in the ROCM process, but also because the intermediacy of XII allows the reaction 
with an enol ether that leads to the chiral product (vs meso). Moreover, the improved 
enantioselectivity in reactions of azabicycle 1.93 (entries 1–3, Table 1.7) can be explained 
through similar rationale and the effect of enol ether concentration on Z selectivity is probably 
because of the minimization of RCM of the piperidene Z-1.97 to regenerate the starting 
azabicycle. 
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The significance of S-I as the initiating alkylidene suggests the desired reaction occurs 
through the intermediacy of III (Schemes 1.17 and 1.20), which possesses an R stereogenic Mo 
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center. Such stereogenicity, as discussed above, reacts intermolecularly with another alkene 
substrate in a relatively slower rate. Accordingly, higher concentration of enol ether is required 
to enhance the rate of intermolecular transformation with the cross partner, minimizing the 
equilibration to complex II, which is responsible for the undesired intramolecular ring-closure 
process. 
 
1.5	  Conclusion 
In this chapter, we disclosed the first examples of catalytic enantioselective ROCM 
processes involving styrenes and enol ethers as cross partners, which proceed readily and with 
exceptional Z selectivity, delivering the desired products in high enantiomeric purity. These 
catalytic transformations demonstrate the unique ability of stereogenic-at-metal complexes to 
promote highly efficient and stereoselective olefin metathesis reactions. The chiral products 
derived from ROCM of aza- or oxabicycles, cyclobutenes or cyclopropenes cannot be accessed 
by alternative protocols and are amenable to chemo-selective functionalization of the olefins and 
thus should prove to be of value in organic synthesis. As detailed above, we observed that 
enantioselectivity of the reaction with certain substrates depends on reaction time and 
equivalents of cross partners, which led us to discover various mechanistic aspects of the process. 
Particularly, the facility with which the two diastereomeric complexes interconvert, strongly 
influences the stereochemical outcome of the reaction. Accordingly, reaction conditions that 
accelerate the rate of such isomerization (e.g., with excess cross partner) by non-productive 
olefin metathesis pathways can be used to impact the reaction outcome. 
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1.6	  Experimental 
General: Unless otherwise noted, all reactions were performed with distilled and 
degassed solvents under an atmosphere of dry N2 in oven- (135 °C) or flame-dried glassware 
with standard dry box or vacuum line techniques. All substrates were dried by azeotropic 
distillation with C6H6 prior to use in reactions with Mo- and W-based complexes. Oxabicycles 
1.66, 1.74, 1.78 and 1.80 were prepared according to previously published procedures.46 
Cyclobutenes 1.82 and 1.84,47 and cyclopropene 1.8648 were prepared according to previously 
published procedures. p-Methoxyphenylvinyl ether 1.88b was prepared according to previously 
published procedures followed by two distillations under vaccum from CaH2 prior to use in 
reactions with Mo-based complexes.49  
Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR Mode) spectrometer, 
νmax in cm-1. Bands were characterized as broad (br), strong (s), medium (m), or weak (w). 1H 
NMR spectra were recorded on a Varian Unity INOVA 400 (400 MHz) spectrometer. Chemical 
shifts were reported in ppm from tetramethylsilane with the solvent resonance resulting from 
incomplete deuterium incorporation as the internal standard (CDCl3: δ 7.26 ppm, C6D6: δ 7.16 
ppm, CD3OD: δ 3.31 ppm). Data were reported as follows: chemical shift, integration, 
multiplicity (s = singlet, d = doublet, q = quartet, br = broad, m = multiplet), and coupling 
constants (Hz). 13C NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) 
spectrometer with complete proton decoupling. Chemical shifts were reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: δ 77.16 ppm, 
                                                
(46) Hoffman, H. M. R.; Kim, H. Eur. J. Org. Chem. 2000, 2195–2201. 
(47) Hoveyda, A. H.; Lombardi, P. J.; O’Brien, R. V.; Zhugralin, A. R. J. Am. Chem. Soc. 2009, 131, 8378–8379. 
(48) Rubin, M.; Gevorgyan, V. Synthesis 2004, 796–800. 
(49) Solinas, M.; Gladiali, S.; Marchetti, M. J. Mol. Catal. A: Chem. 2005, 226, 141–147. 
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CD3OD: δ 49.00 ppm). High-resolution mass spectrometry was performed on a Micromass LCT 
ESI-MS and JEOL Accu TOF Dart (positive mode) at the Boston College Mass Spectrometry 
Facility. Z:E ratios of ROCM products were determined by analysis of 1H NMR spectra. 
Enantiomer ratios were determined by HPLC [Chiral Technologies Chiralpak OD, OJ-H, AS 
column or Chiralcel OD-R column (4.6 mm x 250 mm)] in comparison with authentic racemic 
materials. Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. 
 
Solvents: Solvents were purged with Ar and purified under a positive pressure of dry Ar 
by a modified Innovative Technologies purification system. Toluene (Doe & Ingalls), 
dichloromethane (Fisher), benzene (Aldrich) and pentane 50  (J. T. Baker) were passed 
successively through activated copper and alumina columns. Tetrahydrofuran was purified by 
distillation from sodium benzophenone ketyl immediately prior to use. Mesitylene was purified 
by distillation from sodium. N,N-Dimethylformamide (Acros; extra dry with molecular sieves) 
was used as received. All work-up and purification procedures were carried out with reagent 
grade solvents (purchased from Fisher) under bench-top conditions. 
 
Metal-based Complexes: Mo-based bis(alkoxide) Schrock catallyst 1.68 was prepared 
according to a previously reported procedure51. Mo-based MAP complexes 1.63, 1.69a–d, 1.92 
                                                
(50) n-Pentane was allowed to stir over a concentrated solution of H2SO4 for three days, washed with water, 
followed by a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in a solvent 
purification system. 
(51) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O’Regan, M. J. Am. Chem. Soc. 1990, 
112, 3875–3886. 
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and 1.93 were prepared in situ according to published procedures from Mo bis(pyrrolide) 
complexes with chiral alcohol. Ru-based carbene complexes were obtained from Materia, Inc. 
and purified by silica gel column chromatography or by recrystallization 
(dichloromethane/pentane) prior to use. Unless otherwise noted, all Mo-based complexes were 
handled under an inert atmosphere of N2 in a dry box. (As noted below, in some cases, catalysts 
can be manipulated and used outside a glove box). 
 
Reagents: 
Allyl ether was purchased from Aldrich and distilled from CaH2 prior to use. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from Na into 
activated 4 Å molecular sieves prior to use. 
Benzyl alcohol was purchased from Aldrich and used as received. 
Benzyl bromide was purchased from Aldrich and used as received. 
2-Bromostyrene was purchased from Aldrich and distilled from CaH2 prior to use. 
tert-Butyldimethylsilyl chloride (TBSCl) was purchased from Oakwood and used as received. 
tert-Butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) was purchased from TCI and 
used as received. 
Butyl vinyl ether was purchased from Acros and distilled from CaH2 prior to use. 
3, 4-Dichloro-cis-cyclobutene was purchased from Fluka and used as received. 
d-Chloroform was purchased from Cambridge Isotope Laboratories and passed through basic 
alumina then stored in activated 4 Å molecular sieves prior to use. 
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Diisobutylaluminium hydride (dibal–H) was purchased from Strem and used as received. 
4-(N,N-Dimethylamino)pyridine (DMAP) was purchased from Aldrich and used as received. 
N,N-Dimethylformamide (dmf) was purchased from Acros and dried over 4 Å activated 
molecular sieves prior to use. 
Methanol was purchased from Aldrich and dried over 4 Å activated molecular sieves prior to 
use. 
2-Methylstyrene was purchased from Aldrich and distilled from CaH2 prior to use. 
Triethylamine trihydrofluoride was purchased from Aldrich and used as received. 
Triethylamine was purchased from Aldrich and distilled over CaH2 prior to use. 
4-(Trifluoromethyl)styrene was purchased from Aldrich and distilled from CaH2 prior to use. 
Styrene was purchased from Aldrich and distilled from CaH2 prior to use. 
4-Vinylanisole was purchased from Aldrich and distilled from CaH2 prior to use. 
 
General procedure for the preparation of Mo-based MAP complex 1.69c: In an N2-
filled glove box, a 4 mL vial with a magnetic stir bar was charged with Mo bispyrrolide complex 
(8.6 mg, 0.015 mmol), chiral alcohol (8.5 mg, 0.015 mmol), and C6D6 (760 µL). The vial was 
tightly capped and the mixture was allowed to stir for one hour, at which time it was transferred 
to an NMR tube (screw cap NMR) by a pipette. The NMR tube was capped and sealed with 
Teflon tape. Please note that for in situ-generated complexes, only the diagnostic signals of the α 
carbon of the syn-alkylidenes are shown. 1H NMR (400 MHz, C6D6): δ 12.94 (1H, s), 12.74 (1H, 
s), 12.46 (1H, s), 12.38 (1H, s); dr = 2.2:1. 
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Study of Degenerate Metathesis Process by Deuterium Scrambling Experiments 
O
+ +
d3-1.88b
d1-1.88b
d2-1.88b
O
D
O
D
D
D
OD
D
OMe
OMe
OMe
OMe
1.88b 2 mol % 1.69c
C6H6, 22 oC, 0.5 h
 
 In an N2-filled glove box, a 4 mL vial with a magnetic stir bar was charged with 1.88b 
(14.7 mg, 0.0980 mmol) and d3-1.88b (15.0 mg, 0.0980 mmol). The mixture was dissolved in 
benzene (400 µL), and treated with an in situ-generated Mo complex 1.69c (solution in 100 µL 
C6D6, 2.00 µmol, 2 mol %) by syringe. The vial was capped and the mixture was allowed to stir 
for 30 minutes. After concentrated by vacuum, the resulting yellow oil was purified by silica gel 
chromatography (50:1 hexanes:diethyl ether) to afford a mixture of p-methoxyphenyl vinyl ether 
with zero to three deuteriums, which were proved by high resolution mass spectrometry. For d1-
1.88b, HRMS (ESI+) [M+H]+ calcd for C9H10DO2: 151.0749, found: 151.0759; For d2-1.88b, 
HRMS (ESI+) [M+H]+ calcd for C9H9D2O2: 152.0808, found: 152.0806. 
On-Bu
+ +
d3-1.88b
d1-1.88b
55% d3-1.88b
!"#$%&'()*$+,$-.$/012
O
D
O
D
D
D
OMe OMe
1.88a 2 mol % 1.69c
C6H6, 22 oC, 0.5 h
 
 In an N2-filled glove box, a 4 mL vial with a magnetic stir bar was charged with d3-1.88b 
(15.3 mg, 0.100 mmol) and n-butyl vinyl ether (10.0 mg, 0.100 mmol). The mixture was 
dissolved in benzene (400 µL), and treated with an in situ-generated Mo complex 1.69c (solution 
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in 100 µL C6D6, 0.002 mmol, 0.02 equiv) by syringe. The vial was capped and the reaction 
mixture was allowed to stir for 30 minutes. Solvent and n-butyl vinyl ether were removed by 
vacuum. The resulting yellow oil was purified by silica gel chromatography (50:1 
hexanes:diethyl ether) to afford a mixture of d3-1.88b and d1-1.88b. The ratio of H/D exchange 
was analyzed by 1H NMR analysis of the mixture. 1H NMR (400 MHz, CDCl3): d  6.97-6.93 (m, 
2H), 6.87-6.83 (m, 2H), 4.64-4.61 (m, 0.44H), 4.35-4.32 (m, 0.43H), 3.78 (s, 3H). 
 
Mo-catalyzed Z- and Enantioselective Ring-Opening/Cross-Metathesis (ROCM) 
General Procedure for Catalytic Enantioselective Ring-Opening/Cross-Metathesis 
(EROCM) Reactions with in situ-Generated Catalyst: In an N2-filled glovebox, an oven-dried 
4 mL vial equipped with a magnetic stir bar was charged with the appropriate amount of the in 
situ-generated Mo chiral complex in C6H6, and the cross partner. The resulting mixture was 
allowed to stir for five minutes and then added by syringe to a solution of the cyclic alkene in 
C6H6 (or without solvent) in a 4 mL vial. The resulting solution was allowed to stir for the 
required period of time. The reaction was then quenched by exposure to air or by addition of wet 
diethyl ether and concentrated in vacuo (percent conversion determined by 400 MHz 1H NMR 
analysis). Purification was performed by silica gel chromatography. Enantiomeric purity of the 
product was determined by HPLC analysis. 
 
General procedure for re-subjection of enantiomerically enriched pyran product to 
ROCM reaction conditions in the presence of ethylene: In an N2-filled glovebox, an oven-
dried 4-mL vial equipped with a magnetic stir bar was charged with allyl ether and 1 mol % of 
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the in situ-generated Mo chiral complex in C6H6. The resulting mixture was allowed to stir for 
five minutes and then attached to a vacuum adapter and connected to a 7 torr vacuum until 
dryness. Then a solution of the ROCM product in C6H6 was added by syringe. The resulting 
solution was allowed to stir for 30 minutes. The reaction was then quenched by exposure to air or 
by addition of wet diethyl ether and concentrated in vacuo (percent conversion determined by 
400 MHz 1H NMR analysis). Purification was performed by silica gel chromatography. 
Enantiomeric purity of the product was determined by HPLC analysis. 
 
Representative Procedure for Desilylation with Triethylamine trihydrofluoride: 
Silyl ether 1.74 (12.0 mg, 35.0 µmol) was dissolved in CH2Cl2 (0.5 mL). Triethylamine 
trihydrofluoride in CH2Cl2 (230 µL, 1.1 mmol, 30.0 equiv) was added and the mixture allowed to 
stir at 22 °C for four hours. The solution was concentrated in vacuo and the residue was purified 
by silica gel chromatography (1:1 hexanes:diethyl ether). 
 
tert-Butyldimethyl((2S,4R,6R)-2-Z-styryl-6-vinyltetrahydro-2H-pyran-4-yloxy)silane 
(1.67). Following the aforementioned procedure, oxabicycle 1.66 (10.0 mg, 41.6 µmol) dissolved 
in C6H6 (190 µL) was treated with (1 mol %) of in situ-generated 1.69c (20.0 µL, 0.02 M, 0.40 
µmol) and styrene (10 µL, 83.2 µmol, 2.0 equiv; final substrate concentration = 0.2 M); the 
mixture was allowed to stir for one hour. The resulting brown oil was purified by silica gel 
chromatography (50:1 hexanes:diethyl ether) to afford 1.67 (11.7 mg, 0.034 mmol, 85.0% yield) 
as a colorless oil. IR (neat): 2949 (s), 2927 (s), 2855 (s), 1471 (m), 1376 (m), 1252 (m), 1064 (s), 
909 (m), 834 (m), 773 (m), 733(m), 701 (m); 1H NMR (400 MHz, CDCl3): δ 7.37–7.28 (m, 5H), 
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6.60 (d, J = 11.7 Hz, 1H), 5.92 (ddd, J = 17.3, 10.5, 5.7 Hz, 1H), 5.71 (dd, J = 11.6, 8.7 Hz, 1H), 
5.30 (ddd, J = 17.2, 1.4, 1.4 Hz, 1H), 5.13 (ddd, J = 10.5, 1.3, 1.3 Hz, 1H), 4.26–4.19 (m, 1H), 
3.92–3.86 (m, 1H), 3.82 (ddd, J = 15.5, 10.7, 4.5 Hz, 1H), 1.93–1.85 (m, 2H), 1.49 (m, 1H), 1.40 
(m, 1H), 0.90 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 138.7, 137.1, 
132.1, 132.0, 129.0, 128.5, 127.5, 115.6, 76.3, 72.3, 68.6, 41.8, 41.3, 26.1, 18.4, -4.3; HRMS 
(ESI+) [M+H]+ calcd for C21H33O2Si: 345.2250, found: 345.2254; [α]D20 +51.2 (c = 0.375, 
CHCl3) for an enantiomerically enriched sample of 98.5:1.5 er (97% ee). Enantiomeric purity 
was determined by analysis of HPLC of the corresponding alcohol (after removal of the silyl 
group) in comparison with authentic racemic material.  
 
(2S,4R,6R)-2-Z-Styryl-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
aforementioned procedure, pyran 1.67 was desilylated. IR (neat): 3374 (br), 3081 (w), 3018 (w), 
2942 (m), 2918 (m), 2849 (m), 1647 (m), 1493 (w), 1447 (w), 1362 (m), 1303 (m), 1061(s), 988 
(s), 773 (s), 693 (s); 1H NMR (400 MHz, CDCl3): δ 7.36–7.20 (m, 5H), 6.60 (d, J = 11.7 Hz, 
1H), 5.91 (ddd, J = 17.3, 10.6, 5.6 Hz, 1H), 5.72 (dd, J = 11.6, 8.7 Hz, 1H), 5.29 (ddd, J = 17.4, 
1.5, 1.5 Hz, 1H), 5.15 (ddd, J = 10.6, 1.5, 1.5 Hz, 1H), 4.31–4.25 (m, 1H), 3.93–3.83 (m, 2H), 
2.08–2.01 (m, 2H), 1.56 (br s, 1H), 1.50–1.30 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 138.4, 
137.0, 132.2, 131.8, 129.0, 128.5, 127.6, 115.8, 76.0, 72.3, 68.0, 41.2, 40.8; HRMS (ESI+) 
[M+H]+ calcd for C15H19O2: 231.1385, found: 231.1391; [α]D20 +76.12 (c = 0.375, CHCl3) for 
an enantiomerically enriched sample of 98.5:1.5 er (97% ee). Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (OD column, 98/2 
hexanes/i-PrOH, 1.0 mL/min, 254 nm; tr (major enantiomer) = 23.16 min, tr (minor enantiomer) 
= 19.51 min. 
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# time 
(min) 
area area %  #        #                     time
(min) 
area area % 
1 20.17 1680092 49.640  1 19.51 86557 1.108 
2 23.07 1704467 50.360 2 23.16 7723354 98.892 
 
tert-Butyl((2S,4R,6R)-2-Z-(4-methoxystyryl)-6-vinyltetrahydro-2H-pyran-4-
yloxy)dimethylsilane (1.70). Following the aforementioned procedure, oxabicycle 1.66 (10.0 
mg, 41.6 µmol) was treated with in situ-generated 1.69c (20.0 µL, 0.02 M, 0.40 µmol, neat) and 
p-methoxystyrene (11.0 µL, 83.2 µmol, 2.0 equiv); the mixture was allowed to stir for 0.5 h. The 
resulting oil was purified by silica gel chromatography (50:1 hexanes:diethyl ether) to afford 
1.70 (12.5 mg, 33.3 µmol, 80.0% yield) as colorless oil. IR (neat): 2951 (s), 2929 (s), 2856 (s), 
1462 (m), 1376 (m), 1250 (m), 1069 (s), 910 (m), 837 (m), 775 (m); 1H NMR (400 MHz, 
CDCl3): δ 7.24 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 6.53 (d, J = 11.5 Hz, 1H), 5.91 (ddd, 
J = 17.2, 10.5, 5.8 Hz, 1H), 5.62 (dd, J = 11.6, 8.6 Hz, 1H), 5.29 (ddd, J = 17.2, 1.4, 1.4 Hz, 1H), 
5.14 (ddd, J = 10.5, 1.3, 1.3 Hz, 1H), 4.25–4.18 (m, 1H), 3.93–3.88 (m, 1H), 3.87–3.84 (m, 1H), 
3.82 (s, 3H), 1.94–1.86 (m, 2H), 1.49–1.40 (m, 2H), 0.90 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H); 13C 
NMR (100 MHz, CDCl3): δ 159.1, 138.8, 132.0, 130.5, 130.4, 129.7, 115.6, 114.0, 76.3, 72.4, 
68.6, 55.5, 41.8, 41.3, 26.1, 18.4, –4.3; HRMS (ESI+) [M+H]+ calcd for C22H35O3Si: 375.2355, 
found: 375.2339; [α]D20 +60.8 (c = 0.375, CHCl3) for an enantiomerically enriched sample of 
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97:3 er (94% ee). Enantiomeric purity was determined by analysis of HPLC of the corresponding 
alcohol after removal of the silyl group, in comparison with authentic racemic material.  
  
(2S,4R,6R)-2-Z-(4-Methoxystyryl)-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
aforementioned procedure, pyran 1.70 was desilylated. IR (neat): 3386 (br), 3012 (m), 2920 (m), 
1607 (s), 1510 (s), 1301 (m), 1247 (s), 1175 (m), 1061 (m), 1033 (m), 989 (m), 842 (m); 1H 
NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.3 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 6.54 (d, J = 11.6 
Hz, 1H), 5.92 (ddd, J = 18.0, 10.5, 5.6 Hz, 1H), 5.63 (dd, J = 11.6, 8.7 Hz, 1H), 5.30 (ddd, J = 
17.4, 1.5, 1.5 Hz, 1H), 5.15 (ddd, J = 10.5, 1.5, 1.5 Hz, 1H), 4.30–4.23 (m, 1H), 3.94–3.84 (m, 
2H), 3.82 (s, 3H), 2.10–2.00 (m, 2H), 1.57 (br s, 1H), 1.44–1.35 (m, 2H); 13C NMR (100 MHz, 
CDCl3): δ 159.1, 138.4, 132.0, 130.3, 130.1, 129.5, 115.8, 114.0, 76.0, 72.3, 68.0, 55.5, 41.3, 
40.8; HRMS (ESI+) [M+H]+ calcd for C16H21O3: 261.1490, found: 261.1498; [α]D20 = +71.1 (c 
= 0.375, CHCl3) for an enantiomerically enriched sample of 97:3 er (94% ee). Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material (OD 
column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 254 nm; tr (major enantiomer) = 26.01 min, tr (minor 
enantiomer) = 37.67 min. 
 
# time (min) area area %  #        #                     time (min) area area % 
1 26.66 613163 50.661   1 26.01 21382090 97.319 
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2 38.82 597167 49.339  2 37.67 589118 2.681 
 
tert-Butyldimethyl((2S,4R,6R)-2-Z-(4-(trifluoromethyl)styryl)-6-vinyltetrahydro-2H-
pyran-4-yloxy)silane (1.71). Following the previously mentioned procedure, oxabicycle 1.66 
(10.0 mg, 41.6 µmol) was treated with (1 mol %) of in situ-generated 1.69c (20.0 µL, 0.02 M, 
0.40 µmol, neat) and p-trifluoromethylstyrene (12.0 µL, 83.2 µmol, 2.0 equiv); the mixture was 
allowed to stir for one hour. The resulting oil was purified by silica gel chromatography (50:1 
hexanes:diethyl ether) to afford 1.71 (11.2 mg, 30.0 µmol, 67.0% yield) as colorless oil. IR 
(neat): 2951 (s), 2928 (s), 2856 (s), 1471 (m), 1377 (m), 1254 (m), 1069 (s), 910 (m), 837 (m), 
775 (m); 1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.3 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 6.61 
(d, J = 11.6 Hz, 1H), 5.90 (ddd, J = 17.2, 10.6, 5.8 Hz, 1H), 5.82 (dd, J = 11.7, 8.6 Hz, 1H), 5.29 
(ddd, J = 17.3, 1.4, 1.4 Hz, 1H), 5.15 (ddd, J = 10.6, 1.3, 1.3 Hz, 1H), 4.19–4.11 (m, 1H), 3.92–
3.86 (m, 1H), 3.81–3.75 (m, 1H), 1.92–1.84 (m, 2H), 1.50–1.40 (m, 2H), 0.90 (s, 9H), 0.06 (s, 
3H), 0.05 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 140.6, 138.5, 134.0, 131.0, 129.4 (q, JCF = 
33.2 Hz), 129.2, 125.5 (q, JCF = 3.7 Hz), 115.8, 76.4, 72.1, 68.4, 41.6, 41.3, 26.1, 18.3, –4.29, –
4.32; 19F NMR (376 MHz,CDCl3): δ –63.00; HRMS (ESI+) [M+H]+ calcd for C22H32F3O2Si: 
413.2123, found: 413.2121; [α]D20 +32.8 (c = 0.5, CHCl3) for an enantiomerically enriched 
sample of 98:2 er (96% ee). Enantiomeric purity was determined by analysis of HPLC of the 
corresponding alcohol after removal of the silyl group, in comparison with authentic racemic 
material.   
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(2S,4R,6R)-2-Z-(4-(Trifluoromethyl)styryl)-6-vinyltetrahydro-2H-pyran-4-ol. 
Following the aforementioned procedure, pyran 1.71 was desilylated. IR (neat): 3378 (br), 3019 
(m), 2921 (m), 1616 (m), 1427 (m), 1323 (s), 1163 (s), 1122 (s), 1065 (s), 988 (m), 854 (m); 1H 
NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.2 Hz, 1H), 7.42 (dd, J = 7.6, 1.4 Hz, 1H), 7.30–7.25 
(m, 1H), 7.17–7.12 (m, 1H), 6.63 (d, J = 11.8 Hz, 1H), 5.91 (ddd, J = 17.2, 10.6, 5.6 Hz, 1H), 
5.82 (dd, J = 11.7, 8.6 Hz, 1H), 5.30 (ddd, J = 17.2, 1.5, 1.5 Hz, 1H), 5.16 (ddd, J = 10.6, 1.5, 1.5 
Hz, 1H), 4.10–4.00 (m, 1H), 3.90–3.80 (m, 1H), 3.78–3.72 (m, 1H), 1.88–1.83 (m, 2H), 1.48–
1.43 (m, 1H), 1.40–1.35 (m, 1H), 0.87 (s, 9H), 0.04 (s, 6H); 13C NMR (100 MHz, CDCl3): 
δ 140.5, 138.2, 133.7, 131.1, 129.4 (q, JCF = 32.5 Hz), 129.2, 125.5 (q, JCF = 3.8 Hz), 123.0 (q, 
JCF = 3.8 Hz), 116.0, 76.2, 72.1, 68.0, 41.1, 40.8; HRMS (ESI+) [M+H]+ calcd for C16H18F3O2: 
299.1258, found: 299.1248; [α]D20 +64.5 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of 98:2 er (96% ee). Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 
254 nm; tr (major enantiomer) = 37.36 min, tr (minor enantiomer) = 33.76 min. 
 
# time 
(min) 
area area %  #        #                     time 
(min) 
area Area % 
1 33.65 2344791 50.054  1 33.76 138982 2.092 
2 37.71 2339704 49.946 2 37.36 6505922 97.908 
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((2S,4R,6R)-2-Z-(2-Bromostyryl)-6-vinyltetrahydro-2H-pyran-4-yloxy)(tert-
butyl)dimethylsilane (1.72). Following the general procedure described previously, oxabicycle 
1.66 (10.0 mg, 41.6 µmol) was treated with in situ-generated complex 1.69c (40.0 µL, 0.02 M, 
0.80 µmol, neat) and o-bromostyrene (52.0 µL, 416 µmol, 10.0 equiv); the mixture was allowed 
to stir for one hour. The resulting oil was purified by silica gel chromatography (50:1 
hexanes:diethyl ether) to afford 1.72 (8.9 mg, 21.0 µmol, 50.0% yield) as colorless oil. IR 
(neat):  3019 (s), 2927 (s), 2856 (s), 1470 (m), 1376 (m), 1254 (m), 1070 (s), 910 (m), 837 (m), 
773 (m), 746(m), 730 (m); 1H NMR (400 MHz CDCl3): δ 7.60 (d, J = 8.2 Hz, 1H), 7.40 (dd, J = 
8.0, 1.4 Hz, 1H), 7.30–7.25 (m, 1H), 7.17-7.12 (m, 1H), 6.63 (d, J = 11.5 Hz, 1H), 5.90 (ddd, J = 
17.2, 10.6, 5.6 Hz, 1H), 5.80 (dd, J = 11.5, 8.6 Hz, 1H), 5.30 (ddd, J = 17.2, 1.4, 1.4 Hz, 1H), 
5.14 (ddd, J = 10.6, 1.5, 1.5 Hz, 1H), 4.10–4.00 (m, 1H), 3.86–3.80 (m, 1H), 3.78–3.72 (m, 1H), 
1.88–1.83 (m, 2H), 1.47–1.43 (m, 2H), 1.40–1.36 (m, 1H), 0.87 (s, 9H), 0.04 (s, 6H); 13C NMR 
(100 MHz, CDCl3): δ 138.7, 137.2, 133.0, 132.8, 131.6, 131.0, 129.1, 127.3, 124.2, 115.6, 76.3, 
72.3, 68.5, 41.6, 41.3, 26.1, 18.3, –4.3; HRMS (ESI+) [M+H]+ calcd for C21H32 Br O2Si: 
423.1353, found: 423.1349; [α]D20 +43.7 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of >98:<2 er (>98% ee). Enantiomeric purity was determined by analysis of HPLC of the 
corresponding alcohol after removal of the silyl group, in comparison with authentic racemic 
material.   
 
(2S,4R,6R)-2-Z-(2-Bromostyryl)-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
aforementioned procedure, pyran 1.72 was desilylated. IR (neat): 3360 (br), 3019 (m), 2920 (m), 
2853 (m), 1468 (m), 1362 (m), 1302 (m), 1065 (m), 988 (m), 926 (m), 768 (m); 1H NMR (400 
MHz, CDCl3): δ 7.58 (dd, J = 8.0, 1.0 Hz, 1H), 7.39 (dd, J = 7.6, 1.6 Hz, 1H), 7.30–7.24 (m, 
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1H), 7.17–7.12 (m, 1H), 6.63 (d, J = 11.5 Hz, 1H), 5.91 (ddd, J = 17.3, 10.6, 5.6 Hz, 1H), 5.82 
(dd, J = 11.4, 8.8 Hz, 1H), 5.29 (ddd, J = 17.2, 1.5, 1.5 Hz, 1H), 5.16 (ddd, J = 10.6, 1.4, 1.4 Hz, 
1H), 4.12–4.05 (m, 1H), 3.88–3.76 (m, 2H), 1.99–1.85 (m, 2H), 1.55 (br s, 1H), 1.42–1.32 (m, 
2H); 13C NMR (100 MHz, CDCl3): δ 138.4, 137.1, 133.0, 132.7, 131.7, 130.7, 129.2, 127.3, 
124.1, 115.8, 76.0, 72.2, 68.0, 41.1, 40.7; HRMS (ESI+) [M+H]+ calcd for C15H18BrO2: 
309.0490, found: 309.0496; [α]D20 +45.9 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of >98:<2 er (>98% ee). Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (OD column, 99/1 hexanes/i-PrOH, 1.0 mL/min, 
254 nm; tr (major enantiomer) = 53.35 min, tr (minor enantiomer) = 46.14 min. 
 
# time (min) area area %  #       #                     time (min) area area % 
1 45.27 2391163 49.785  1 46.14 34040 0.484 
2 53.93 2411786 50.215 2 53.35 6993783 99.516 
 
tert-butyldimethyl((2S,4R,6R)-2-Z-(2-methylstyryl)-6-vinyltetrahydro-2H-pyran-4-
yloxy)silane (1.73). Following the general procedure described previously, oxabicycle 1.66 (10.0 
mg, 41.6 µmol) was treated with in situ-generated complex 1.69c (40.0 µL, 0.02 M, 0.80 µmol, 
neat) and o-methylstyrene (54.0 µL, 416 µmol, 10.0 equiv), the mixture was allowed to stir for 
1.0 h.  The resulting oil was purified by silica gel chromatography (50:1 hexanes:diethyl ether) to 
afford 1.73 (8.2 mg, 23.0 µmol, 54.0% yield) as colorless oil. IR (neat): 2950 (s), 2927 (s), 2856 
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(s), 1471 (m), 1377 (m), 1253 (m), 1069 (s), 910 (m), 836 (m), 774 (m), 740(m), 715 (m); 1H 
NMR (400 MHz, CDCl3): δ 7.24–7.12 (m, 4H), 6.60 (d, J = 11.6 Hz, 1H), 5.90 (ddd, J = 17.1, 
10.5, 5.8 Hz, 1H), 5.74 (dd, J = 11.5, 8.8 Hz, 1H), 5.30 (ddd, J = 17.2, 1.4, 1.4 Hz, 1H), 5.11 
(ddd, J = 10.6, 1.3, 1.3 Hz, 1H), 4.10–4.01 (m, 1H), 3.82–3.77 (m, 1H), 3.73 (ddd, J = 15.4, 10.8, 
4.6 Hz, 1H), 2.26 (s, 3H), 1.81–1.75 (m, 1H), 1.44–1.35 (m, 2H), 0.85 (s, 9H), 0.02 (s, 6H); 13C 
NMR (100 MHz, CDCl3): δ 139.0, 136.7, 136.3, 132.2, 131.0, 130.1, 129.2, 127.7, 125.7, 115.6, 
76.2, 72.5, 68.5, 41.8, 41.3, 26.1, 20.2, 18.3, –4.3; HRMS (ESI+) [M+H]+ calcd for C22H35O2Si: 
359.2406, found: 359.2393; [α]D20 +40.1 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of 99:1 er (98% ee). Enantiomeric purity was determined by HPLC analysis of the 
corresponding alcohol after removal of the silyl group, in comparison with authentic racemic 
material.   
 
(2S,4R,6R)-2-Z-(2-Methylstyryl)-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
aforementioned procedure, pyran 1.73 was desilylated.  IR (neat): 3380 (br), 2941 (m), 2920 (m), 
2854 (m), 1486 (m), 1361 (m), 1301 (m), 1063 (m), 988 (m), 925 (m), 793 (m); 1H NMR (400 
MHz, CDCl3): δ 7.23–7.12 (m, 4H), 6.60 (d, J = 11.5 Hz, 1H), 5.90 (ddd, J = 17.3, 10.7, 5.7 Hz, 
1H), 5.75 (dd, J = 11.6, 8.9 Hz, 1H), 5.26 (ddd, J = 17.2, 1.4, 1.4 Hz, 1H), 5.13 (ddd, J = 10.5, 
1.4, 1.4 Hz, 1H), 4.13–4.06 (m, 1H), 3.85–3.74 (m, 2H), 2.26 (s, 3H), 1.98–1.88 (m, 2H), 1.58 
(br s, 1H), 1.39–1.30 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 138.5, 137.0, 136.1, 132.0, 
131.0, 130.1, 129.1, 127.7, 125.8, 115.7, 76.0, 72.4, 68.0, 41.3, 40.7, 20.1; HRMS (ESI+) 
[M+H]+ calcd for C16H21O2: 245.1542, found: 245.1537; [α]D20 +45.9 (c = 0.375, CHCl3) for an 
enantiomerically enriched sample of 99:1 er (98% ee). Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (OD column, 97/3 hexanes/i-
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PrOH, 0.2 mL/min, 254 nm; tr (major enantiomer) = 75.93 min, tr (minor enantiomer) = 69.90 
min. 
 
# time (min) area area (%) #        #                   time (min) area area % 
1 69.81 12734510 48.795  1 69.90 283472 1.046 
2 76.22 13363450 51.205 2 75.93 26811780 98.954 
 
(tert-Butyldimethyl((2S,4S,6R)-2-Z-styryl-6-vinyltetrahydro-2H-pyran-4-
yloxy)silane (1.75). Following the general procedure described before, oxabicycle 1.74 (10.0 mg, 
41.6 µmol) in C6H6 (380 µL) was treated with in situ-generated complex 1.69c (40.0 µL, 0.02 M, 
0.80 µmol; final substrate concentration = 0.1 M) and styrene (48.0 µL, 416 µmol, 10.0 equiv.); 
the mixture was allowed to stir for one hour. The resulting oil was purified by silica gel 
chromatography (50:1 hexanes:diethyl ether) to afford 1.75 (12.0 mg, 35.0 µmol, 83.0% yield) as 
colorless oil. IR (neat): 3016 (w), 2950 (s), 2927 (s), 2855 (s), 1252 (m), 1092 (s), 1053 (s), 910 
(m), 828 (s), 772 (m), 690 (m); 1H NMR (400 MHz, CDCl3): δ 7.34–7.23 (m, 5H), 6.48 (d, J = 
12.0 Hz, 1H), 5.87 (ddd, J = 17.3, 10.6, 5.8 Hz, 1H), 5.70 (dd, J = 11.9, 8.8 Hz, 1H), 5.24 (ddd, J 
= 17.4, 1.6, 1.6 Hz, 1H), 5.10 (ddd, J = 10.6, 1.6, 1.6 Hz, 1H), 5.00–4.94 (m, 1H), 4.39–4.32 (m, 
1H), 4.28–4.24 (m, 1H), 1.76–1.52 (m, 4H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR (100 MHz, 
CDCl3): δ 139.5, 137.1, 133.2, 130.2, 129.1, 128.4, 127.3, 115.1, 72.3, 68.8, 65.2, 39.0, 38.9, 
26.1, 18.3, –4.6, –4.7; HRMS (ESI+) [M+H]+ calcd for C21H33O2Si: 345.2249, found: 345.2260; 
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[α]D20 –1.6 (c = 0.375, CHCl3) for an enantiomerically enriched sample of 97:3 er (94% ee). 
Enantiomeric purity was determined by analysis of HPLC of the corresponding alcohol after 
removal of the silyl group, in comparison with authentic racemic material.   
 
(2S,4S,6R)-2-Z-Styryl-6-vinyltetrahydro-2H-pyran-4-ol. Following the procedure 
described above, pyran 1.75 was desilylated. IR (neat): 3419 (br), 3016 (w), 2917 (m), 1415 (w), 
1308 (m), 1053 (s), 962 (s), 775 (s), 699 (s); 1H NMR (400 MHz, CDCl3): δ 7.36–7.23 (m, 5H), 
6.57 (d, J = 11.8 Hz, 1H), 5.90 (ddd, J = 17.2, 10.6, 5.7 Hz, 1H), 5.67 (dd, J = 11.7, 8.8 Hz, 1H), 
5.29 (ddd, J = 17.4, 1.5, 1.5 Hz, 1H), 5.13 (ddd, J = 10.5, 1.3, 1.3 Hz, 1H), 4.90–4.80 (m, 1H), 
4.42–4.35 (m, 1H), 4.34–4.30 (m, 1H), 1.78–1.72 (m, 2H), 1.71–1.61 (m, 2H), 1.42 (br s, 1H); 
13C NMR (100 MHz, CDCl3): δ 139.2, 137.0, 132.4, 132.1, 129.1, 128.5, 127.5, 115.5, 72.1, 
68.4, 64.8, 38.6, 38.2; HRMS (ESI+) [M+H]+ calcd for C15H19O2: 231.1385, found: 231.1395; 
[α]D20 +52.8 (c = 0.375, CHCl3) for an enantiomerically enriched sample of 94% ee. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic racemic 
material (OD column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 254 nm; tr (major enantiomer) = 23.04 
min, tr (minor enantiomer) = 20.74 min. 
 
# time (min) area area %  #       #                     time (min) area area % 
1 19.55 6621971 49.882  1 20.74 372236 2.620 
2 22.56 6653320 50.118 2 23.04 13834140 97.380 
Chapter 1, Page  65 
 
tert-Butyl((2S,4S,6R)-2-Z-(4-methoxystyryl)-6-vinyltetrahydro-2H-pyran-4-
yloxy)dimethylsilane (1.76). Following the aforementioned procedure, oxabicycle 1.74 (10.0 
mg, 41.6 µmol) in C6H6 (150 µL) was treated with in situ-generated 1.69c (60.0 µL, 0.02 M, 
1.20 µmol, final substrate concentration = 0.2 M) and p-methoxystyrene (60.0 µL, 416 µmol, 
10.0 equiv), and the mixture was allowed to stir for one hour. The resulting oil was purified by 
silica gel chromatography (50:1 hexanes:diethyl ether) to afford 1.74 (12.5 mg, 33.4 µmol, 
80.0% yield) as colorless oil. IR (neat): 2951 (s), 2928 (s), 2855 (s), 1463 (m), 1360 (m), 1249 
(m), 1092 (s), 912 (m), 836 (m), 774 (m); 1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.7 Hz, 
2H), 6.85 (d, J = 8.8 Hz, 2H), 6.42 (d, J = 12.0 Hz, 1H), 5.90 (ddd, J = 17.2, 10.6, 5.6 Hz, 1H), 
5.60 (dd, J = 11.8, 8.6 Hz, 1H), 5.24 (ddd, J = 17.4, 1.5, 1.5 Hz, 1H), 5.10 (ddd, J = 10.6, 1.5, 1.5 
Hz, 1H), 5.00–4.93 (m, 1H), 4.40–4.33 (m, 1H), 4.30–4.24 (m, 1H), 3.81 (s, 3H), 1.76–1.55 (m, 
4H), 0.92 (s, 9H), 0.07 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 159.0, 139.6, 132.0, 130.4, 
130.0, 129.8, 115.1, 114.0, 72.3, 69.0, 65.2, 55.5, 39.0, 26.0, 18.3, –4.6, –4.7; HRMS (ESI+) 
[M+H]+ calcd for C22H35O3Si: 375.2355, found: 375.2370; [α]D20 + 33.2 (c = 0.375, CHCl3) for 
an enantiomerically enriched sample of 92% ee. Enantiomeric purity was determined by analysis 
of HPLC of the corresponding alcohol after removal of the silyl group, in comparison with 
authentic racemic material.   
 
(2S,4S,6R)-2-Z-(4-Methoxystyryl)-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
procedure described before, oxabicycle 1.76 was desilylated. IR (neat): 3427 (br), 3081 (w), 
3012 (m), 2921 (m), 1607 (s), 1511 (s), 1303 (m), 1250 (s), 1176 (m), 1091 (m), 1034 (m), 963 
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(m), 840 (m); 1H NMR (400 MHz, CDCl3): δ 7.28 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 
6.51 (d, J = 11.5 Hz, 1H), 5.90 (ddd, J = 17.3, 10.6, 5.8 Hz, 1H), 5.60 (dd, J = 11.6, 8.6 Hz, 1H), 
5.30 (ddd, J = 17.2, 1.5, 1.5 Hz, 1H), 5.13 (ddd, J = 10.6, 1.4, 1.4 Hz, 1H), 4.80–4.71 (m, 1H), 
4.43–4.36 (m, 1H), 4.34–4.30 (m, 1H), 3.81 (s, 3H), 1.78–1.72 (m, 2H), 1.70–1.61 (m, 2H), 1.56 
(br s, 1H); 13C NMR (100 MHz, CDCl3): δ 159.1, 139.2, 131.8, 130.7, 130.4, 129.7, 115.5, 
114.0, 72.1, 68.5, 65.0, 55.5, 38.6, 38.2; HRMS (ESI+) [M+H]+ calcd for C16H21O3: 261.1490, 
found: 261.1490; [α]D20 +73.3 (c = 0.375, CHCl3) for an enantiomerically enriched sample of 
96:4 er (92% ee). Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OD column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 254 nm; tr (major 
enantiomer) = 26.00 min, tr (minor enantiomer) = 32.34 min. 
 
# time (min) area area %  #      #                     time (min) area area % 
1 26.07 2750359 50.155  1 26.00 24555790 96.095 
2 32.26 2733389 49.845 2 32.34 997822 3.905 
 
tert-Butyldimethyl((2S,4S,6R)-2-Z-(4-(trifluoromethyl)styryl)-6-vinyltetrahydro-2H-
pyran-4-yloxy)silane (1.77). Following the general procedure, oxabicycle 1.74 (10.0 mg, 41.6 
µmol) was treated with in situ-generated complex 1.69c (40.0 µL, 0.02 M, 0.80 µmol, neat) and 
p-trifluoromethylstyrene (61.0 µL, 416 µmol, 10.0 equiv); the mixture was allowed to stir for 
one hour. The resulting oil was purified by silica gel chromatography (50:1 hexanes:diethyl 
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ether) to afford 1.77 (14.0 mg, 34.0 µmol, 81.0% yield) as a colorless oil. IR (neat): 2952 (s), 
2928 (s), 2857 (s), 1463 (m), 1361 (m), 1165 (s), 1126 (s), 1064 (s), 853 (m); 1H NMR (400 
MHz, CDCl3): δ 7.56 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 6.51 (d, J = 12.0 Hz, 1H), 
5.90 (ddd, J = 17.2, 10.5, 5.6 Hz, 1H), 5.80 (dd, J = 11.8, 8.8 Hz, 1H), 5.24 (ddd, J = 17.3, 1.5, 
1.5 Hz, 1H), 5.10 (ddd, J = 10.6, 1.5, 1.5 Hz, 1H), 4.92–4.82 (m, 1H), 4.38–4.31 (m, 1H), 4.26–
4.22 (m, 1H), 1.67–1.62 (m, 2H), 1.61–1.51 (m, 2H), 0.90 (s, 9H), 0.036 (s, 3H), 0.034 (s, 3H); 
13C NMR (100 MHz, CDCl3): δ 141.0, 139.3, 135.2, 129.4 (q, JCF = 32.73 Hz), 129.2, 126.1 (q, 
JCF = 271.9 Hz), 125.4, (q, JCF = 3.60 Hz), 115.2, 72.3, 69.0, 65.0, 39.0, 38.8, 26.0, 18.1, –4.6, –
4.8. 19F NMR (376 MHz, CDCl3): δ –63.01; HRMS (ESI+) [M+H]+ calcd for C22H32F3O2Si: 
413.2123, found: 413.2120; [α]D20 +23.6 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of 98:2 er (96% ee). Enantiomeric purity was determined by analysis of HPLC of the 
corresponding alcohol after removal of the silyl group, in comparison with authentic racemic 
material.  
 
(2S,4S,6R)-2-Z-(4-(Trifluoromethyl)styryl)-6-vinyltetrahydro-2H-pyran-4-ol. 
Following the procedure, pyran 1.77 was desilylated. IR (neat): 3385 (br), 2953 (m), 2923 (m), 
1616 (m), 1402 (m), 1324 (s), 1164 (s), 1123 (s), 1064 (s), 989 (m), 862 (m); 1H NMR (400 
MHz, CDCl3): δ 7.60 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 6.60 (d, J = 11.8 Hz, 1H), 
5.90 (ddd, J = 17.2, 10.6, 5.6 Hz, 1H), 5.80 (dd, J = 11.7, 8.7 Hz, 1H), 5.30 (ddd, J = 17.3, 1.5, 
1.5 Hz, 1H), 5.14 (ddd, J = 10.5, 1.3, 1.3 Hz, 1H), 4.80–4.70 (m, 1H), 4.41–4.35 (m, 1H), 4.33–
4.30 (m, 1H), 1.80–1.72 (m, 2H), 1.70–162 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 140.4, 
139.0, 134.3, 131.0, 129.6 (q, JCF = 32.30 Hz), 129.2, 125.8 (q, JCF = 271.9 Hz), 125.5 (q, JCF = 
3.6 Hz), 116.0, 72.1, 68.2, 64.6, 38.4, 38.2; HRMS (ESI+) [M+H]+ calcd for C16H18F3O2: 
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299.1258, found: 299.1245; [α]D20 +96.2 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of 98:2 er (96% ee). Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (OD column, 99.5/0.5 hexanes/i-PrOH, 1.0 mL/min, 
254 nm; tr (major enantiomer) = 40.87 min, tr (minor enantiomer) = 49.27 min. 
 
# time (h) area area %  #       #                     time (h) area area % 
1 41.58 5815648 50.116  1 40.87 24201800 98.368 
2 47.61 5788734 49.884 2 49.27 401629 1.632 
 
(2S,4R,6R)-4-(Benzyloxy)-2-Z-styryl-6-vinyltetrahydro-2H-pyran (1.79). Following 
the general procedure described above, oxabicycle 1.78 (10.0 mg, 46.0 µmol) in C6H6 (360 µL) 
was treated with in situ-generated complex 1.69c (100.0 µL, 0.02 M, 2.10 µmol, final substrate 
concentration = 0.1 M) and styrene (53.0 µL, 0.460 mmol, 10.0 equiv), the mixture was allowed 
to stir for 1.0 hour at 60 oC. The resulting oil was purified by silica gel chromatography (30:1 
hexanes:diethyl ether) to afford 1.79 (11.2 mg, 34.4 µmol, 75.0% yield) as colorless oil. IR 
(neat): 2944 (m), 2855 (m), 1494 (w), 1452 (w), 1358 (m), 1066 (s), 986 (m), 736(s), 697 (s); 1H 
NMR (400 MHz, CDCl3): δ 7.37–7.24 (m, 10H), 6.60 (d, J = 11.6 Hz, 1H), 5.93 (ddd, J = 17.2, 
10.7, 5.7 Hz, 1H), 5.73 (dd, J = 11.5, 8.7 Hz, 1H), 5.29 (ddd, J = 17.2, 1.5, 1.5 Hz, 1H), 5.15 
(ddd, J = 10.6, 1.3, 1.3 Hz, 1H), 4.58 (s, 2H), 4.28–4.21 (m, 1H), 3.92–3.85 (m, 1H), 3.62–3.48 
(m, 1H), 2.15–2.10 (m, 2H), 1.51–1.42 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 138.7, 138.6, 
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137.0, 132.2, 131.9, 129.0, 128.7, 128.5, 127.8, 127.5, 127.2, 115.7, 76.2, 74.2, 72.3, 69.8, 38.2, 
37.8; HRMS (ESI+) [M+H]+ calcd for C22H24O2: 321.1854, found: 321.1847; [α]D20 +12.1 (c = 
0.5, CHCl3) for an enantiomerically enriched sample of 92:8 er (84% ee). Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material (OJ-H column, 
99.8/0.2 hexanes/i-PrOH, 1.0 mL/min, 254 nm; tr (major enantiomer) = 99.57 min, tr (minor 
enantiomer) = 80.51 min. 
 
 
 
 
 
 
(2S,4S,6R)-4-(Benzyloxy)-2-Z-styryl-6-vinyltetrahydro-2H-pyran (1.81). Following 
the general procedure described before, oxabicycle 1.80 (10.0 mg, 46.0 µmol) in C6H6 (420 µL) 
was treated with in situ-generated 1.69c (40.0 µL, 0.02 M, 0.80 µmol, final substrate 
concentration = 0.1 M) and styrene (53.0 µL, 0.460 mmol, 10.0 equiv); the mixture was allowed 
to stir for 1.0 hour. The resulting oil was purified by silica gel chromatography (30:1 
hexanes:diethyl ether) to afford 1.81 (12.0 mg, 37.5 µmol, 80.0% yield) as colorless oil. IR 
(neat): 3061 (w), 3025 (w), 2919 (w), 2855 (w), 1494 (w), 1452 (w), 1337 (m), 1052(s), 989 (m), 
695 (s); 1H NMR (CDCl3, 400 MHz): δ 7.36–7.23 (m, 10H), 6.52 (d, J = 11.7 Hz, 1H), 5.86 
# time (min) area area % #        #                     time (min) area area % 
1 77.93 19191690 49.926 1 80.51 1050521 7.695 
2 101.38 19248600 50.074 2 99.57 12601580 92.305 
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(ddd, J = 17.0, 10.7, 5.7 Hz, 1H), 5.69 (dd, J = 11.8, 8.6 Hz, 1H), 5.25 (ddd, J = 17.4, 1.4, 1.4 Hz, 
1H), 5.10 (ddd, J = 10.7, 1.5, 1.5 Hz, 1H), 4.92–4.86 (m, 1H), 4.53 (dd, J = 15.5, 11.9 Hz, 2H), 
4.38–4.32 (m, 1H), 3.94–3.90 (m, 1H), 2.01–1.91 (m, 2H), 1.62–1.54 (m, 2H); 13C NMR (100 
MHz, CDCl3): δ 139.3, 139.0, 137.1, 132.8, 131.3, 130.1, 129.1, 128.6, 128.5, 127.7, 127.4, 
126.4, 115.4, 72.7, 71.5, 70.3, 69.1, 35.5, 35.3; HRMS (ESI+) [M+H]+ calcd for C22H25O2: 
321.1854, found: 321.1863; [α]D20 +52.8 (c = 0.375, CHCl3) for an enantiomerically enriched 
sample of 86 % ee. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OJ-H column, 99.8/0.2 hexanes/i-PrOH, 1.0 mL/min, 254 nm; tr 
(major enantiomer) = 51.69 min, tr (minor enantiomer) = 82.77 min. 
 
 
 
 
 
 
(5R,6R)-2,2,3,3,8,8,9,9-octamethyl-5-((Z)-styryl)-6-vinyl-4,7-dioxa-3,8-disiladecane 
(1.83). Following the previously mentioned procedure, cyclobutene 1.82 (10.0 mg, 31.8 µmol) 
was treated with (1 mol %) of in situ-generated 1.69c (15 µL, 0.02 M, 0.31 µmol) and styrene 
(7.0 mg, 64 µmol, 2.0 equiv); final substrate concentration = 2.0 M); the mixture was allowed to 
stir for 30 min at 22 oC. The resulting oil was purified by silica gel chromatography (100:1 
# time (min) area area %  #        #                     time (min) area area % 
1 53.90 15189940 49.649 1 51.69 31343360 94.147 
2 81.78 15404440 50.351 2 82.77 1948478 5.853 
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hexanes:diethyl ether) to afford 1.83 (12.4 mg, 20.0 µmol, 91% yield) as colorless oil. IR (neat): 
2929 (s), 2857 (s), 1472 (m), 1252 (s), 1075 (m), 923 (w), 835 (s), 775 (s), 701 (m); 1H NMR 
(400 MHz, CDCl3): δ 7.40–7.37 (m, 2H), 7.33–7.30 (m, 2H), 7.25–7.22 (m, 1H), 6.57 (d, J = 
11.8 Hz, 1H), 5.98 (ddd, J = 17.6, 10.5, 6.5 Hz, 1H), 5.60 (dd, J = 11.8, 9.5 Hz, 1H), 5.28 (ddd, J 
= 17.4, 3.2, 1.2 Hz, 1H), 5.16 (ddd, J = 10.4, 3.0, 1.0 Hz, 1H), 4.51 (ddd, J = 9.5, 6.5, 1.0 Hz, 
1H), 4.1 (ddd, J = 13.0, 6.4, 2.2 Hz, 1H), 0.90 (s, 9H), 0.80 (s, 9H), 0.045 (s, 6H), –0.19 (s, 3H), 
–0.23 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 139.6, 137.1, 134.1, 131.0, 129.1, 128.1, 127.1, 
116.0, 72.3, 26.1, 25.9, 18.4, 18.2, –4.2, –4.3, -4.4, -4.9; HRMS (ESI+) [M+Na]+ calcd for 
C24H42O2NaSi2: 441.2621, found: 441.2637; [α]D20 –99.6 (c = 0.500, CHCl3) for an 
enantiomerically enriched sample of 95.6:4.4 er (92% ee). Enantiomeric purity was determined 
by analysis of HPLC of the corresponding alcohol after removal of the silyl group, in comparison 
with authentic racemic material. 
 
(3R,4S,Z)-1-phenylhexa-1,5-diene-3,4-diol. Following the aforementioned procedure, 
disiladecane 1.83 was desilylated with hydrogen fluoride triethylamine. IR (neat): 3374 (br), 
3080 (m), 3058 (m), 3023 (m), 2922 (w), 1710 (w), 1494 (m), 1447 (m), 1424 (m), 1325 (m), 
1251 (m), 1219 (m), 1121 (s), 1053 (s), 1025 (s), 994 (m), 924 (m), 885 (m), 777 (m), 698 (m); 
1H NMR (400 MHz, CDCl3): δ 7.37–7.28 (m, 5H), 6.73 (dd, J = 11.7- 1.0 Hz, 1H), 5.94 (ddd, J 
= 17.2-10.5-6.5 Hz, 1H), 5.74 (dd, J = 11.8, 9.5 Hz, 1H), 5.40 (ddd, J = 17.4, 3.0, 1.4 Hz, 1H), 
4.62–4.58 (m, 1H), 4.50 (dd, J = 7.4, 6.2 Hz, 1H), 5.31 (ddd, J = 10.5, 3.0, 1.3 Hz, 1H), 4.63 
(ddd, J = 13.8, 9.1, 4.5 Hz, 1H), 4.25 (ddd, J = 10.3, 7.4, 4.2 Hz, 1H), 2.10 (d, J = 4.4 Hz, 1H), 
2.02 (d, J = 4.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 136.4, 136.2, 134.1, 129.1, 128.9, 
128.5, 127.7, 118.2, 76.0, 70.3; HRMS (ESI+) [M+NH4]+ calcd for C12H18 N1O2: 208.1338, 
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found: 208.1340; [α]D20 –5.2 (c = 0.5, CHCl3) for an enantiomerically enriched sample of 
95.6:4.4 er (92% ee). Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OJ column, 90/10 hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major 
enantiomer) = 17.34 min, tr (minor enantiomer) = 16.43 min. 
 
 
 
 
 
 
((((3R,4S,Z)-1-phenylhexa-1,5-diene-3,4-diyl)bis(oxy))bis(methylene))dibenzene 
(1.85). Following the aforementioned procedure, cyclobutene 1.84 (10.0 mg, 37.6 µmol) was 
treated with (1 mol %) of in situ-generated 1.69c (19.0 µL, 0.02 M, 0.36 µmol) and styrene (40.0 
mg, 0.38 mmol) 10.0 equiv; (final substrate concentration = 2.0 M) the mixture was allowed to 
stir for one hour at 60 oC. The resulting brown oil was purified by silica gel chromatography 
(20:1 hexanes:diethyl ether) to afford 1.85 (10.40 mg, 28.1 µmol, 73.0% yield) as a colorless oil. 
IR (neat):  3061 (m), 3027 (m), 2923 (m), 2862 (m), 1494 (m), 1453 (m), 1421 (m), 1331 (m), 
1088 (s), 1066 (s), 1027 (m), 999 (m), 926 (m), 778 (m), 733 (m), 694 (m); 1H NMR (400 MHz, 
CDCl3): δ 7.35–7.30 (m, 4 H), 7.28–7.27 (m, 2H), 7.24–7.22 (m, 4), 7.21–7.18 (m, 3H), 7.14–
7.11 (2H), 6.80 (d, J = 11.8 Hz, 1H), 5.91 (ddd, J = 18.2, 10.4, 7.8 Hz, 1H), 5.70 (dd, J = 11.7, 
9.8 Hz, 1H), 5.34 (ddd, J = 9.8, 2.0, 1.0 Hz, 1H), 5.31 (ddd, J = 16.8, 2.0, 1.0 Hz, 1H), 4.70 (d, J 
# time (min) area area %  #        #                     time (min) area area % 
1 19.20 3639741 49.526 1 19.79 214753 4.373 
2 20.02 3709473 50.474 2 20.76 4695886 95.627 
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= 12.4 Hz, 1H), 4.52 (d, J = 12.0 Hz, 1H), 4.45 (ddd, J = 10.4, 5.7, 2.0 Hz, 2H), 4.26 (d, J = 12.0 
Hz, 1H), 3.92 (ddd, J = 7.7, 5.1, 1.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 139.0, 138.5, 
136.8, 135.8, 134.0, 130.1, 129.0, 128.4, 128.3, 128.2, 128.0, 127.8, 127.5, 127.4, 127.3, 119.2, 
82.3, 76.2, 70.4, 70.4, 32.1; HRMS (ESI+) [M+Na]+ calcd for C26H26O2 Na: 393.1831, found: 
393.1835; [α]D20 –79.6 (c = 0.5, CHCl3) for an enantiomerically enriched sample of 97:3 er (94% 
ee). Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (OJ column, 99.5/0.5 hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major 
enantiomer) = 35.6 min, tr (minor enantiomer) = 46.1 min. 
 
 
 
 
 
 
(S,Z)-(3-methylpenta-1,4-diene-1,3-diyl)dibenzene (1.87). Following the 
aforementioned procedure, cyclopropene 1.86 (10.0 mg, 76.8 µmol) was treated with (3 mol %) 
of in situ-generated 1.69c (111.0 µL, 0.02 M, 2.22 µmol) and styrene (80.0 mg, 0.77 mmol) 10.0 
equiv (final substrate concentration = 0.7 M); the mixture was allowed to stir for one hour at 22 
oC. The resulting brown oil was purified by silica gel chromatography (100:1 hexanes:diethyl 
ether) to afford 1.87 (15.6 mg, 66.6 µmol, 82.0% yield) as a colorless oil. IR (neat): 2924 (s), 
1492 (m), 1445 (m), 1029 (m), 915 (m), 763 (m), 696 (s); 1H NMR (400 MHz, CDCl3): δ 7.35–
# time (min) area area %  #        #                     time (min) area area % 
1 34.08 23769680 49.595 1 35.62 39987560 96.658 
2 42.51 24158320 50.405 2 46.10 1382500 3.342 
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7.32 (m, 2H), 7.25–7.20 (m, 2H), 7.15–7.10 (m, 4H), 7.02–6.95 (m, 2H), 6.64 (dd, J = 12.6, 1.1 
Hz, 1H), 6.16 (dd, J = 17.4, 10.6 Hz, 1H), 5.91 (d, J = 12.7 Hz, 1H), 5.10 (dd, J = 12.3, 1.2 Hz, 
1H), 5.10 (dd, J = 5.6, 1.2 Hz, 1H), 1.50 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 148.0, 145.4, 
138.4, 137.8, 130.0, 129.2, 128.2, 127.5, 127.1, 126.5, 126.0, 112.5, 48.2, 29.0; HRMS (ESI+) 
[M+H]+ calcd for C18H19: 235.1487, found: 235.1489; [α]D20 +33.6 (c = 0.50, CHCl3) for an 
enantiomerically enriched sample of 98.5:1.5 er (97% ee). Enantiomeric purity was determined 
by HPLC analysis in comparison with authentic racemic material (OJ column, 99.8/0.2 
hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major enantiomer) = 15.07 min, tr (minor enantiomer) 
= 13.13 min. 
 
 
 
 
 
((2S,4R,6R)-2-((Z)-2-Butoxyvinyl)-6-vinyltetrahydro-2H-pyran-4-yloxy)(tert-
butyl)dimethylsilane (1.89a). Following the general procedure described above, oxabicycle 
1.66 (20.0 mg, 83.2 µmol) was treated with 0.25 mol % of in situ-generated 1.69c (10 µL, 0.02 
M, 0.20 µmol) and n-butylvinyl ether (17.0 mg, 16.6 µmol); the mixture was allowed to stir for 
ten minutes. The resulting brown oil was purified by silica gel chromatography (20:1 
# time (min) area area %  #        #                     time (min) area area % 
1 13.25 16198950 48.432 1 13.13 430607 1.493 
2 15.50 17247650 51.568 2 15.07 28408990 98.507 
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hexanes:diethyl ether) to afford 1.89a (23.8 mg, 69.9 µmol, 84.0% yield) as a colorless oil. IR 
(neat): 2955 (s), 2928 (s), 2857 (s), 1670 (m), 1471 (m), 1463 (s), 1427 (m), 1377 (m), 1254 (m), 
1153 (s), 1116 (s), 1073 (m), 1005 (m), 987 (m), 910 (m), 836 (m), 815 (m), 775 (m), 746 (m), 
670 (m); 1H NMR (400 MHz, CDCl3): δ  5.96 (dd, J = 6.29, 1.0 Hz, 1H), 5.90 (ddd, J = 17.3, 
10.5, 5.8 Hz, 1H), 5.23 (ddd, J = 17.3, 2.9, 1.4 Hz, 1H), 5.10 (ddd, J = 10.5, 2.7, 1.4 Hz, 1H), 
4.50 (dd, J = 8.2, 6.3 Hz, 1H), 4.40–4.33 (m, 1H), 3.92–3.86 (m, 2H), 3.75 (ddd, J = 14.0, 7.4, 
3.6 Hz, 2H), 1.90–1.82 (m, 2H), 1.63–1.56 (m, 2H), 1.43–1.35 (m, 2H), 1.34–1.27 (m, 2H), 0.93 
(t, J = 7.4 Hz, 3H), 0.88 (s, 9H), 0.07 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 146.3, 139.0, 
115.4, 107.5, 76.5, 72.7, 70.4, 68.9, 42.0, 41.4, 32.0, 26.1, 19.2, 18.4, 14.1, –4.3; HRMS (ESI+) 
[M+H]+ calcd for C19H37O3Si: 341.2504, found: 341.2512; [α]D20 –6.40 (c = 0.375, CHCl3) for 
an enantiomerically enriched sample of 99.0:1.0 er (98% ee). Enantiomeric purity was 
determined by analysis of HPLC of the corresponding alcohol (after removal of the silyl group) 
in comparison with authentic racemic material. 
 
((2S,4R,6R)-2-((Z)-2-Butoxyvinyl)-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
general procedure described above, pyran 1.89a was desilylated with triethylamine 
trihydrofluoride. IR (neat): 3381 (br), 2957 (s), 2934 (s), 2872 (s), 1669 (m), 1464 (m), 1425 (s), 
1378 (m), 1361 (m), 1303 (m), 1266 (m), 1165 (s), 1097 (s), 1065 (m), 988 (m), 922 (m), 883 
(m), 850 (m), 745 (m), 670 (m); 1H NMR (400 MHz, CDCl3): δ 5.98 (d, J = 6.3 Hz, 1H), 5.90 
(ddd, J = 17.3, 10.5, 5.6 Hz, 1H), 5.24 (ddd, J = 17.3, 4.4, 1.5 Hz, 1H), 5.11 (ddd, J = 10.5, 4.4, 
1.4 Hz, 1H), 4.50 (dd, J = 8.2, 6.2 Hz, 1H), 4.41–4.35 (m, 1H), 3.93–3.86 (m, 2H), 3.79–3.70 (m, 
2H), 2.00 (dd, J = 12.7, 4.3 Hz, 2H), 1.62–1.55 (m, 2H), 1.44–1.33 (m, 2H), 1.32–1.22 (m, 2H), 
0.93 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 146.5, 139.0, 115.5, 107.1, 76.3, 72.8, 
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70.3, 68.3, 42.0, 41.0, 32.0, 19.2, 14.0; HRMS (ESI+) [M-OH]+ calcd for C13H21O2: 209.1541, 
found: 209.1543; [α]D20 –2.10 (c = 0.375, CHCl3) for an enantiomerically enriched sample of 
99.0:1.0 er (98% ee). Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OD column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm; tr (major 
enantiomer) = 14.67 min, tr (minor enantiomer) = 12.75 min. 
 
# time (min) area area %    #        # time (min) area area % 
1 12.38 7943474 48.960 1 12.75 60512 0.864 
2 14.64 8280971 51.040   2 14.67 6941762 99.136 
 
tert-Butyl(((2S,4R,6R)-2-((Z)-2-(4-methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-
pyran-4-yl)oxy)dimethylsilane (1.89b) (Table 2, entry 12). Following the general procedure 
described above, oxabicycle 1.66 (19.0 mg, 79.1 µmol) was treated with 0.25 mol % of in situ-
generated 1.69c (10 µL, 0.02 M, 0.20 µmol) and 1-methoxy-4-(vinyloxy)benzene (23.8 mg, 158 
µmol); the mixture was allowed to stir for ten minutes at 22 °C. The resulting brown oil was 
purified by silica gel chromatography (10:1 hexanes:diethyl ether) to afford 1.89b (26.9 mg, 68.9 
µmol, 87.2% yield) as a colorless oil. IR (neat): 2950 (s), 2928 (s), 2856 (s), 1672 (m), 1505 (s), 
1464 (m), 1251 (s), 1228 (s), 1073 (s), 1039 (m), 910 (m), 836 (m), 775 (m); 1H NMR (400 
MHz, CDCl3): δ 6.96–6.93 (m, 2H), 6.86–6.83 (m, 2H), 6.31 (dd, J = 6.4, 1.2 Hz, 1H), 5.89 
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(ddd, J = 17.2, 9.2, 6.0 Hz, 1H), 5.26 (ddd, J = 16.8, 1.6, 1.4 Hz, 1H), 5.12 (ddd, J = 9.6, 1.6, 1.4 
Hz, 1H), 4.86 (dd, J = 7.6, 6.4 Hz, 1H), 4.55–4.49 (m, 1H), 3.93–3.86 (m, 1H), 3.78 (s, 3H), 
1.97–1.86 (m, 2H), 1.44–1.32 (m, 2H), 0.89 (s, 9H), 0.08 (s, 3H), 0.08 (s, 3H); 13C NMR (100 
MHz, CDCl3): δ 155.7, 151.5, 142.4, 138.7, 117.9, 115.5, 114.8, 112.0, 76.5, 70.0, 68.6, 55.8, 
41.7, 41.3, 26.0, 18.2, –4.3, –4.3; HRMS (ESI+) [M+H]+ calcd for C22H35O4Si: 391.2305, 
found: 391.2303; [α]D20 –11.2 (c = 0.800, CHCl3) for an enantiomerically enriched sample of 
98.5:1.5 er (97% ee). Enantiomeric purity was determined by analysis of HPLC of the 
corresponding alcohol (after removal of the silyl group) in comparison with authentic racemic 
material.  
 
(2S,4R,6R)-2-((Z)-2-(4-Methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-pyran-4-ol. 
Following the general procedure described above, pyran 1.89b was desilylated with 
triethylamine trihydrofluoride. IR (neat): 3391 (br), 2942 (m), 2918 (m), 2836 (m), 1671 (s), 
1504 (s), 1442 (w), 1360 (m), 1301 (m), 1215 (s), 1064(s), 1035 (s), 884 (m), 826 (s); 1H NMR 
(400 MHz, CDCl3): δ 6.96–6.92 (m, 2H), 6.86–8.82 (m, 2H), 6.32 (dd, J = 6.0, 1.2 Hz, 1H), 
5.90 (ddd, J = 16.4, 10.8, 6.0 Hz, 1H), 5.28 (ddd, J = 17.2, 2.8, 1.2 Hz, 1H), 5.14 (ddd, J = 10.8, 
2.8, 1.6 Hz, 1H), 4.88 (dd, J = 8.0, 6.4 Hz, 1H), 4.57–4.52 (m, 1H), 3.96–3.91 (m, 2H), 3.78 (s, 
3H), 2.12–2.01 (m, 2H), 1.54 (br s, 1H), 1.43–1.28 (m, 2H); 13C NMR (100 MHz, CDCl3): 
δ 155.7, 151.4, 142.6, 138.4, 118.0, 115.7, 114.8, 111.8, 76.3, 70.1, 68.1, 55.8, 41.3, 40.7; 
HRMS (ESI+) [M+H]+ calcd for C16H20O4: 276.1362, found: 276.1363; [α]D20 –18.4 (c = 0.375, 
CHCl3) for an enantiomerically enriched sample of 98.5:1.5 er (97% ee). Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material (OD column, 
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97/3 hexanes/i-PrOH, 1.0 mL/min, 254 nm); tr (major enantiomer) = 25.43 min, tr (minor 
enantiomer) = 21.98 min. 
 
# time (min) area area % #     # time (min) area area % 
1 21.84 4331731 49.936 1 21.98 340268 1.401 
2 26.00 4342857 50.064  2 25.43 23943260 98.599 
 
((2S,4S,6R)-2-((Z)-2-Butoxyvinyl)-6-vinyltetrahydro-2H-pyran-4-yloxy)(tert-
butyl)dimethylsilane (1.94a). Following the general procedure described above, oxabicycle 
1.74 (10.0 mg, 41.6 µmol) was treated with 1.0 mol % of in situ-generated 1.69c (20 µL, 0.02 M, 
0.40 µmol) and n-butylvinyl ether (21.0 mg, 0.210 mmol); the mixture was allowed to stir for 30 
seconds. The resulting brown oil was purified by silica gel chromatography (20:1 
hexanes:diethyl ether) to afford 1.94a (13.1 mg, 38.7 µmol, 91.0% yield) as a colorless oil. IR 
(neat): 2955 (s), 2928 (s), 2857 (s), 1670 (m), 1471 (m), 1463 (s), 1427 (m), 1377 (m), 1254 (m), 
1153 (s), 1116 (s), 1073 (m), 1005 (m), 987 (m), 910 (m), 836 (m), 815 (m), 775 (m), 746 (m), 
670 (m); 1H NMR (400 MHz, CDCl3): δ 5.94 (dd, J = 6.4, 1.0 Hz, 1H), 5.90 (ddd, J = 17.4, 
10.6, 5.8 Hz, 1H), 5.22 (ddd, J = 17.4, 3.1, 1.5 Hz, 1H), 5.10 (ddd, J = 10.6, 3.0, 1.3 Hz, 1H), 
5.00–4.86 (m, 1H), 4.44 (dd, J = 8.3, 6.4 Hz, 1H), 4.42–4.35 (m, 1H), 4.21–4.18 (m, 1H), 3.73 
(ddd, J = 16.2, 10.1, 6.4 Hz, 2H), 1.64–1.52 (m, 4H), 1.50–1.44 (m, 2H), 1.42–1.34 (m, 2H), 
0.93 (t, J = 6.2 Hz, 3H), 0.91 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR (100 MHz, CDCl3): 
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δ 146.0, 140.0, 115.0, 108.1, 73.0, 72.5, 67.0, 65.3, 40.0, 39.2, 32.1, 26.0, 19.3, 18.3, 14.0, –4.6, 
–4.7; HRMS (ESI+) [M+H]+ calcd for C19H37O3Si: 341.2527, found: 341.2512; [α]D20 +11.6 (c 
= 0.500, CHCl3) for an enantiomerically enriched sample of 95.7:4.3 er (91% ee). Enantiomeric 
purity was determined by analysis of HPLC of the corresponding alcohol (after removal of the 
silyl group) in comparison with authentic racemic material.  
 
(2S,4S,6R)-2-((Z)-2-Butoxyvinyl)-6-vinyltetrahydro-2H-pyran-4-ol. Following the 
general procedure described above, pyran 1.94a was desilylated with triethylamine 
trihydrofluoride. IR (neat): 3381 (br), 2957 (s), 2934 (s), 2872 (s), 1669 (m), 1464 (m), 1425 (s), 
1378 (m), 1361 (m), 1303 (m), 1266 (m), 1165 (s), 1097 (s), 1065 (m), 988 (m), 922 (m), 883 
(m), 850 (m), 745 (m), 670 (m); 1H NMR (400 MHz, CDCl3): δ 5.94 (dd, J = 6.3, 1.1 Hz, 1H), 
5.84 (ddd, J = 17.3, 10.5, 5.7 Hz, 1H), 5.23 (ddd, J = 17.3, 3.4, 1.6 Hz, 1H), 5.11 (ddd, J = 10.5, 
2.8, 1.4 Hz, 1H), 4.86–4.80 (m, 1H), 4.41 (dd, J = 8.2, 6.2 Hz, 1H), 4.38–4.30 (m, 1H), 4.30–
4.24 (m, 1H), 3.72 (ddd, J = 19.3, 13.0, 10.1 Hz, 2H), 1.73–1.67 (m, 2H), 1.62–1.54 (m, 4H), 
1.40–1.31 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 146.5, 139.5, 115.3, 
107.5, 73.0, 72.5, 66.4, 65.0, 39.1, 38.1, 32.0, 19.2, 14.1; HRMS (ESI+) [M+Na]+ calcd for 
C13H22O3Na: 249.1459, found: 249.1467; [α]D20 +12.1 (c = 0.200, CHCl3) for an 
enantiomerically enriched sample of 95.7:4.3 er (91% ee). Enantiomeric purity was determined 
by HPLC analysis in comparison with authentic racemic material (OD column, 99/1 hexanes/i-
PrOH, 1.0 mL/min, 220 nm; tr (major enantiomer) = 34.14 min, tr (minor enantiomer) = 22.80 
min. 
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# time (min) area area % #     # time (min) area area % 
1 22.03 1975909 48.794 1 22.79 591261 4.260 
2 32.75 2073610 51.206   2 34.14 13295530 95.740 
 
tert-Butyl(((2S,4S,6R)-2-((Z)-2-(4-methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-
pyran-4-yl)oxy)dimethylsilane (1.94b). Following the general procedure described above, 
oxabicycle 1.74 (10.0 mg, 41.6 µmol) was treated with 1 mol % of in situ-generated 1.69c (21 
µL, 0.02 M, 0.42 µmol) and 1-methoxy-4-(vinyloxy)benzene (31.5 mg, 208 µmol); the mixture 
was allowed to stir for 30 seconds at 22 °C. The resulting brown oil was purified by silica gel 
chromatography (10:1 hexanes:diethyl ether) to afford 1.94b (14.0 mg, 35.8 µmol, 86.5% yield) 
as a colorless oil. IR (neat): 2951 (s), 2929 (s), 2856 (s), 1675 (m), 1505 (s), 1464 (m), 1252 (s), 
1093 (s), 1039 (s), 914 (s), 828 (m), 774 (m); 1H NMR (400 MHz, CDCl3): δ 6.93–6.89 (m, 2H), 
6.85–6.81 (m, 2H), 6.30 (dd, J = 6.0, 1.2 Hz, 1H), 5.87 (ddd, J = 16.8, 10.4, 5.6 Hz, 1H), 5.24 
(ddd, J = 17.2, 2.8, 1.6 Hz, 1H), 5.09 (ddd, J = 10.8, 3.2, 1.6 Hz, 1H), 5.04–5.00 (m, 1H), 4.85 
(dd, J = 7.6, 6.0 Hz, 1H), 4.43–4.39 (m, 1H), 4.23–4.22 (m, 1H), 3.78 (s, 3H), 1.74–1.49 (m, 4H), 
0.91 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 155.4, 151.6, 141.5, 
139.6, 117.5, 114.9, 114.7, 113.0, 72.6, 66.7, 65.1, 55.8, 39.4, 39.0, 25.9, 18.2, –4.7, –4.7; 
HRMS (ESI+) [M+H]+ calcd for C22H35O4Si: 391.2305, found: 391.2297; [α]D20 +3.10 (c = 1.00, 
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CHCl3) for an enantiomerically enriched sample of 91.5:8.5 er (83% ee). Enantiomeric purity 
was determined by analysis of HPLC of the corresponding alcohol after removal of the silyl 
group, in comparison with authentic racemic material. 
 
(2S,4S,6R)-2-((Z)-2-(4-Methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-pyran-4-ol. 
Following the general procedure described above, pyran 1.94b was desilylated with 
triethylamine trihydrofluoride. IR (neat): 3402 (br), 2891 (m), 2879 (m), 2834 (w), 1673 (m), 
1505 (s), 1213 (s), 1181 (m), 1037 (s), 929 (m), 888 (s); 1H NMR (400 MHz, CDCl3): δ 6.96–
6.90 (m, 2H), 6.86–6.81 (m, 2H), 6.30 (dd, J = 6.0, 1.2 Hz, 1H), 5.87 (ddd, J = 16.4, 10.8, 6.0 Hz, 
1H), 5.27 (ddd, J = 17.6, 3.2, 1.6 Hz, 1H), 5.12 (ddd, J = 10.8, 2.8, 1.6 Hz, 1H), 5.01–4.95 (m, 
1H), 4.82 (dd, J = 8.4, 6.4 Hz, 1H), 4.43–4.39 (m, 1H), 4.32–4.30 (m, 1H), 3.78 (s, 3H), 1.83–
1.57 (m, 4H), 1.49 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 155.6, 151.5, 142.4, 139.2, 118.0, 
115.4, 114.8, 112.3, 72.4, 66.2, 64.8, 55.8, 38.8, 38.0; HRMS (ESI+) [M+H]+ calcd for 
C16H20O4: 276.1362, found: 276.1368; [α]D20 +19.8 (c = 1.00, CHCl3) for an enantiomerically 
enriched sample of 91.5:8.5 er (83% ee). Enantiomeric purity was determined by HPLC analysis 
in comparison with authentic racemic material (OD column, 97/3 hexanes/i-PrOH, 1.0 mL/min, 
254 nm); tr (major enantiomer) = 32.12 min, tr (minor enantiomer) = 28.13 min. 
 
# time (min) area area % #     # time (min) area area % 
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1 26.43 21524710 49.615 1 28.13 1659306 8.418 
2 30.01 21858680 50.385   2 32.12 18051060 91.582 
 
(2S,4R,6R)-4-(Benzyloxy)-2-((Z)-2-butoxyvinyl)-6-vinyltetrahydro-2H-pyran (1.95a). 
Following the general procedure described above, oxabicycle 1.78 (10.0 mg, 46.2 µmol) was 
treated with 0.25 mol % of in situ-generated complex 1.69c (6.0 µL, 0.02 M, 0.12 µmol) and n-
butylvinyl ether (9.2 mg, 92 µmol), the mixture was allowed to stir for 0.5 hour at 22 °C. The 
resulting yellow oil was purified by silica gel chromatography (10:1 hexanes:diethyl ether) to 
afford 1.95a (12.2 mg, 38.6 µmol, 82.0% yield) as a colorless oil. IR (neat): 3030 (s), 2956 (s), 
2869 (s), 1669 (m), 1496 (m), 1454 (s), 1426 (m), 1378 (m), 1354 (m), 1269 (m), 1157 (s), 1103 
(s), 1070 (m), 987 (m), 922 (m), 882 (m), 736 (m), 670 (m)); 1H NMR (400 MHz, CDCl3): 
δ 7.37–7.28 (m, 5H), 5.98 (dd, J = 6.4, 1.0 Hz, 1H), 5.90 (ddd, J = 17.3, 10.6, 5.7 Hz, 1H), 5.25 
(ddd, J = 17.4, 3.0, 1.5 Hz, 1H), 5.11 (ddd, J = 10.5, 3.0, 1.3 Hz, 1H), 4.60 (dd, J = 13.3, 11.8 Hz, 
2H), 4.50 (dd, J = 8.2, 6.3 Hz, 1H), 4.41–4.34 (m, 1H), 3.91–3.86 (m, 1H), 3.75 (ddd, J = 13.3, 
8.0, 1.3 Hz, 2H), 3.70–3.62 (m, 1H), 2.14–2.05 (m, 2H), 1.64–1.56 (m, 2H), 1.43–1.30 (m, 4H), 
0.93 (t, J = 7.4 Hz, 3H)); 13C NMR (100 MHz, CDCl3): δ 146.4, 139.0, 138.8, 128.6, 127.8, 
127.7, 115.5, 107.3, 76.5, 74.1, 73.0, 70.4, 69.8, 39.0, 38.0, 32.0, 19.2, 14.1; HRMS (ESI+) 
[M+H]+ calcd for C20H29O3: 317.2116, found: 317.2129; [α]D20 –13.9 (c = 0.375, CHCl3) for an 
enantiomerically enriched sample of 97:3 er (94% ee). Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (OD column, 99.5/0.5 hexanes/i-
PrOH, 0.5 mL/min, 220 nm; tr (major enantiomer) = 21.49 min, tr (minor enantiomer) = 19.92 
min. 
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(2S,4R,6R)-4-(Benzyloxy)-2-((Z)-2-(4-methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-
pyran (1.95b). Following the general procedure described above, oxabicycle 1.78 (10.0 mg, 46.2 
µmol) was treated with 0.25 mol % of in situ-generated complex 1.69c (6.0 µL, 0.02 M, 0.12 
µmol) and 1-methoxy-4-(vinyloxy)benzene (13.9 mg, 92.5 µmol), the mixture was allowed to 
stir for 10 minutes at 22 °C. The resulting yellow oil was purified by silica gel chromatography 
(10:1 hexanes:diethyl ether) to afford 1.95b (13.5 mg, 36.8 µmol, 80.4% yield) as a colorless oil. 
IR (neat): 2946 (m), 2919 (m), 2835 (m), 1671 (m), 1503 (s), 1356 (m), 1226 (s), 1156 (m), 
1070 (s), 1037 (s), 987 (m), 924 (m), 826 (s), 737(s), 689 (m); 1H NMR (400 MHz, CDCl3): 
δ 7.36–7.27 (m, 5H), 6.97–6.93 (m, 2H), 6.87–6.83 (m, 2H), 6.32 (dd, J = 6.4, 1.2 Hz, 1H), 5.92 
(ddd, J = 16.0, 10.4, 6.0 Hz, 1H), 5.27 (ddd, J = 17.2, 2.8, 1.2 Hz, 1H), 5.14 (ddd, J = 10.4, 2.4, 
1.2 Hz, 1H), 4.89 (dd, J = 8.4, 6.4 Hz, 1H), 4.61 (s, 2H), 4.57–4.54 (m, 1H), 3.94–3.90 (m, 1H), 
3.78 (s, 3H), 3.74–3.67 (m, 1H), 2.21–2.10 (m, 2H), 1.47–1.35 (m, 2H); 13C NMR (100 MHz, 
CDCl3): δ 156.0, 151.7, 142.8, 139.1, 138.9, 128.9, 128.0, 118.3, 115.9, 115.1, 112.2, 76.7, 74.8, 
70.5, 70.1, 56.1, 38.6, 38.1; HRMS (ESI+) [M+H]+ calcd for C23H27O4: 367.1909, found: 
# time (min) area area %    #        # time (min) area area % 
1 19.92 11125870 49.049 1 20.02 157010 2.817 
2 21.49 11557530 50.952 2 21.87 5417025 97.183 
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367.1906; [α]D20 –20.7 (c = 0.700, CHCl3) for an enantiomerically enriched sample of 97.5:2.5 
er (95% ee). Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OD column, 98.0/2.0 hexanes/i-PrOH, 1.0 mL/min, 254 nm); tr 
(major enantiomer) = 34.07 min, tr (minor enantiomer) = 15.10 min. 
 
 
 
 
 
 
(2S,4S,6R)-4-(Benzyloxy)-2-((Z)-2-butoxyvinyl)-6-vinyltetrahydro-2H-pyran (1.96a). 
Following the general procedure described above, oxabicycle 1.80 (10.0 mg, 46.0 µmol) was 
treated with 1.0 mol % of in situ-generated complex 1.69c (23 µL, 0.02 M, 0.46 µmol) and n-
butylvinyl ether (23.0 mg, 0.230 mmol), the mixture was allowed to stir for 30 seconds at 22 °C. 
The resulting yellow oil was purified by silica gel chromatography (10:1 hexanes:diethyl ether) 
to afford 1.96a (12.3 mg, 38.9 µmol, 84.0% yield) as a colorless oil. IR (neat): 3031 (s), 2957 
(s), 2870 (s), 1668 (m), 1497 (m), 1455 (s), 1419 (m), 1378 (m), 1359 (m), 1332 (m), 1306 (m), 
1252 (s), 1182 (s), 1093 (s), 1063 (m), 989 (m), 920 (m), 735 (m), 697 (m)); 1H NMR (400 MHz, 
CDCl3): δ 7.41–7.28 (m, 5H), 5.97 (dd, J = 6.3, 1.0 Hz, 1H), 5.86 (ddd, J = 17.3, 10.6, 5.9 Hz, 
1H), 5.23 (ddd, J = 17.4, 3.1, 1.5 Hz, 1H), 5.10 (ddd, J = 10.6, 3.0, 1.4 Hz, 1H), 4.91–4.84 (m, 
# time (min) area area % #     # time (min) area area % 
1 15.04 1638824 50.279 1 15.10 444301 2.823 
2 34.48 1620611 49.721  2 34.07 15294830 97.177 
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1H), 4.60 (dd, J = 11.9, 6.8 Hz, 2H), 4.46 (dd, J = 8.1, 6.3 Hz, 1H), 4.41–4.35 (m, 1H), 3.90–
3.87 (m, 1H), 3.75 (ddd, J = 20.1, 13.6, 10.1 Hz, 2H), 2.00 (ddd, J = 14.1, 7.7, 2.4 Hz, 1H), 1.86 
(ddd, J = 14.1, 7.6, 2.4 Hz, 1H), 1.63–1.55 (m, 2H), 1.53–1.45 (m, 2H), 1.43–1.36 (m, 2H), 0.92 
(t, J = 7.3 Hz, 3H)); 13C NMR (100 MHz, CDCl3): δ 146.2, 139.6, 139.2, 128.6, 127.7, 127.6, 
115.1, 108.0, 73.0, 72.6, 71.5, 70.2, 67.0, 36.0, 35.4, 32.1, 19.3, 14.1; HRMS (ESI+) [M+H]+ 
calcd for C20H29O3: 317.2116, found: 317.2120; [α]D20 +10.1 (c = 0.375, CHCl3) for an 
enantiomerically enriched sample of 97.0:3.0 er (94% ee). Enantiomeric purity was determined 
by HPLC analysis in comparison with authentic racemic material (OD column, 99.5/0.5 
hexanes/i-PrOH, 0.5 mL/min, 220 nm; tr (major enantiomer) = 25.48 min, tr (minor enantiomer) 
= 16.77 min. 
 
 
 
 
(2S,4S,6R)-4-(Benzyloxy)-2-((Z)-2-(4-methoxyphenoxy)vinyl)-6-vinyltetrahydro-2H-
pyran (1.96b). Following the procedure described above, oxabicycle 1.80 (10.0 mg, 46.2 µmol) 
was treated with 1 mol % of in situ-generated 1.69c (23 µL, 0.02 M, 0.46 µmol) and 1-methoxy-
4-(vinyloxy)benzene (34.7 mg, 231 µmol); the mixture was allowed to stir for 30 seconds at 
22 °C. The resulting yellow oil was purified by silica gel chromatography (10:1 hexanes:diethyl 
# time (min) area area %    #        #                     time (min) area area % 
1 13.62 3481914 49.780 1 13.19 199138 3.067 
2 21.78 2315929 50.220 2 22.31 6293193 96.933 
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ether) to afford 1.96b (14.2 mg, 38.7 µmol, 84.5% yield) as a colorless oil. IR (neat): 2916 (m), 
2862 (m), 2835 (m), 1670 (m), 1503 (s), 1454 (m), 1215 (s), 1180 (s), 1139 (m), 1091 (s), 1059 
(s), 1038 (s), 922 (m), 825 (s), 737(s), 697 (m); 1H NMR (CDCl3, 400 MHz): δ 7.39–7.27 (m, 
5H), 6.95–6.93 (m, 2H), 6.87–6.83 (m, 2H), 6.32 (d, J = 6.4 Hz, 1H), 5.87 (ddd, J = 16.8, 10.4, 
6.0 Hz, 1H), 5.26 (ddd, J = 17.2, 2.4, 1.2 Hz, 1H), 5.11 (d, J = 10.4 Hz, 1H), 5.05–5.00 (m, 1H), 
4.85 (dd, J = 8.0, 6.4 Hz, 1H), 4.58 (dd, J = 19.4, 12.0 Hz, 2H), 4.43–4.38 (m, 1H), 3.92–3.90 (m, 
1H), 3.79 (s, 3H), 2.08–2.03 (m, 1H), 1.94–1.88 (m, 1H), 1.58–1.49 (m, 2H); 13C NMR (100 
MHz, CDCl3): δ 155.5, 151.6, 142.2, 139.3, 139.0, 128.5, 127.7, 127.6, 117.8, 115.3, 114.8, 
112.6, 72.9, 71.3, 70.3, 66.8, 55.8, 35.7, 35.3; HRMS (ESI+) [M+H]+ calcd for C23H27O4: 
367.1909, found: 367.1923; [α]D20 +3.80 (c = 0.500, CHCl3) for an enantiomerically enriched 
sample of 96.0:4.0 er (92% ee). Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (OD-R column, 99.5/0.5 hexanes/i-PrOH, 0.7 
mL/min, 254 nm); tr (major enantiomer) = 23.04 min, tr (minor enantiomer) = 21.13 min. 
 
 
 
 
 
# time (min) area area % #     # time (min) area area % 
1 20.94 7953984 46.451 1 21.13 512766 3.883 
2 22.95 9169498 53.549   2 23.04 12692550 96.117 
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(2S,4R,6R)-4-((tert-Butyldimethylsilyl)oxy)-2-((Z)-2-(4-methoxyphenoxy)vinyl)-1-
methyl-6-vinylpiperidine (1.98b). Following the general procedure described before, azabicycle 
1.97 (6.00 mg, 23.7 µmol) was treated with 5 mol % in situ-generated complex 1.69c (60.0 µL, 
0.02 M, 1.19 µmol) and 1-methoxy-4-(vinyloxy)benzene (71.2 mg, 474 µmol); the mixture was 
allowed to stir for three hours at 60 °C. The resulting yellow oil was purified by silica gel 
chromatography (2:1 hexanes: ethyl acetate) to afford 1.98b (8.5 mg, 21.1 µmol, 88.2% yield) as 
a colorless oil. IR (neat): 2951 (s), 2928 (s), 2855 (m), 1670 (m), 1505 (s), 1462 (m), 1249 (m), 
1224 (s), 1099 (s), 1058 (s), 1007 (m), 912 (m), 858 (s), 836 (s), 775 (s); 1H NMR (400 MHz, 
CDCl3): δ 6.94–6.91 (m, 2H), 6.87–6.83 (m, 2H), 6.33 (dd, J = 6.4, 1.2 Hz, 1H), 5.75 (ddd, J = 
17.2, 8.8, 1.6 Hz, 1H), 5.13 (dd, J = 16.8, 1.6 Hz, 1H), 5.03 (dd, J = 10.4, 1.6 Hz, 1H), 4.74 (dd, 
J = 9.2, 6.4 Hz, 1H), 3.79 (s, 3H), 3.76–3.69 (m, 1H), 3.20–3.14 (m, 1H), 2.54–2.48 (m, 1H), 
2.24 (s, 3H), 1.90–1.85 (m, 1H), 1.78–1.74 (m, 1H), 1.55–1.42 (m, 2H), 0.87 (s, 9H), 0.05 (s, 
6H); 13C NMR (100 MHz, CDCl3): δ 155.5, 151.5, 142.3, 141.9, 117.7, 115.6, 114.8, 114.6, 
68.6, 67.7, 57.5, 55.8, 43.0, 42.5, 40.9, 26.0, 18.3, –4.4; HRMS (ESI+) [M+H]+ calcd for 
C23H38NO3Si: 404.2621, found: 404.2629; [α]D20 –20.7 (c = 0.500, CHCl3) for an 
enantiomerically enriched sample of 91:9 er (82% ee). Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (AS column, 97/3 hexanes/i-PrOH, 
1.0 mL/min, 254 nm; tr (major enantiomer) = 63.72 min, tr (minor enantiomer) = 31.13 min). 
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# time (min) area area % #     # time (min) area area % 
1 26.87 13282200 51.198 1 31.13 543184 9.239 
2 59.77 12660550 48.802   2 63.72 5335952 90.761 
 
(5R,6S)-5-((Z)-2-Butoxyvinyl)-2,2,3,3,8,8,9,9-octamethyl-6-vinyl-4,7-dioxa-3,8-
disiladecane (1.99a). Following the general procedure described above, cyclobutene 1.82 (10.0 
mg, 31.8 µmol) was treated with 1.0 mol % in situ-generated 1.69c (16 µL, 0.02 M, 0.32 µmol) 
and n-butylvinyl ether (32.0 mg, 0.320 mmol); the mixture was allowed to stir for 30 minutes. 
The resulting brown oil was purified by silica gel chromatography (90:1 hexanes:diethyl ether) 
to afford 1.99a (11.1 mg, 30.3 µmol, 90.0% yield) as a colorless oil. IR (neat): 2956 (s), 2929 (s), 
2857 (s), 1663 (m), 1472 (m), 1463 (s), 1405 (m), 1377 (m), 1251 (m), 1217 (s), 1112 (s), 1083 
(m), 1005 (m), 940 (m), 919 (m), 834 (m), 776 (m), 671 (m); 1H NMR (400 MHz, CDCl3): δ 
5.90 (dd, J = 6.3, 1.0 Hz, 1H), 5.83 (ddd, J = 17.2, 10.4, 6.1 Hz, 1H), 5.14 (ddd, J = 17.4, 3.5, 2.2 
Hz, 1H), 5.10 (ddd, J = 10.5, 3.0, 2.1 Hz, 1H), 4.52 (ddd, J = 8.9, 4.1, 1.1 Hz, 1H), 4.33 (dd, J = 
9.3, 6.4 Hz, 1H), 4.00 (ddd, J = 7.4, 6.1, 2.8 Hz, 1H), 3.70 (ddd, J = 13.2, 7.0, 4.0 Hz, 2H), 1.60–
1.52 (m, 2H), 1.40 (ddd, J = 22.1, 14.5, 7.5 Hz, 2H), 0.90 (t, J = 7.2 Hz, 3H), 0.87 (s, 9H), 0.85 
(s, 9H), 0.034 (s, 3H), 0.03 (s, 3H), 0.01 (s, 3H), 0.005 (s, 3H); 13C NMR (100 MHz, CDCl3): 
δ 146.0, 139.1, 115.2, 108.0, 78.2, 72.4, 71.0, 32.1, 26.3, 26.2, 19.3, 18.7, 18.5, 14.0, –4.2, –4.3, 
–4.6; HRMS (ESI+) [M+Na]+ calcd for C22H46O3Si2Na: 437.2899, found: 437.2907; [α]D20 –
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19.2 (c = 0.500, CHCl3) for an enantiomerically enriched sample of 86:14 er (72% ee). 
Enantiomeric purity was determined by analysis of HPLC of the corresponding alcohol (after 
removal of the silyl group) in comparison with authentic racemic material.  
 
(3R,4S,Z)-1-Butoxyhexa-1,5-diene-3,4-diol. Following the general procedure described 
above, disiladecane 1.99a was desilylated with triethylamine trihydrofluoride. IR (neat): 3407 
(br), 2957 (s), 2918 (s), 2871 (s), 1663 (m), 1462 (m), 1378 (m), 1361 (m), 1308 (m), 1260 (m), 
1113 (s), 1080 (s), 1038 (m), 993 (m), 922 (m), 777 (m), 718 (m); 1H NMR (400 MHz, CDCl3): 
δ 6.10 (dd, J = 6.3, 1.1 Hz, 1H), 5.90 (ddd, J = 17.3, 10.7, 5.9 Hz, 1H), 5.36 (ddd, J = 17.3, 3.1, 
1.5 Hz, 1H), 5.25 (ddd, J = 10.6, 3.0, 1.5 Hz, 1H), 4.62–4.58 (m, 1H), 4.50 (dd, J = 7.4, 6.2 Hz, 
1H), 4.20–4.16 (m, 1H), 3.80 (t, J = 6.6 Hz, 2H), 2.46 (d, J = 1.6 Hz, 1H), 2.22 (d, J = 1.4 Hz, 
1H), 1.60 (ddd, J = 16.0, 13.3, 6.7 Hz, 2H), 1.40 (ddd, J = 22.3, 14.7, 7.2 Hz, 2H), 0.93 (t, J = 
14.7, 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 148.5, 137.0, 117.3, 104.2, 76.0, 73.1, 70.0, 
32.0, 19.2, 14.0; HRMS (ESI+) [M-OH]+ calcd for C10H17O2: 169.1231, found: 169.1228; [α]D20 
–2.10 (c = 0.375, CHCl3) for an enantiomerically enriched sample of 86.1:13.9 er (72% ee). 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic racemic 
material (OJ column, 98/2 hexanes/i-PrOH, 1.0 mL/min, 220 nm; tr (major enantiomer) = 17.34 
min, tr (minor enantiomer) = 16.43 min. 
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(5R,6S)-5-((Z)-2-(4-Methoxyphenoxy)vinyl)-2,2,3,3,8,8,9,9-octamethyl-6-vinyl-4,7-
dioxa-3,8-disiladecane (1.99b) (Table 4, entry 7). Following the general procedure described 
above, cyclobutene 1.82 (10.0 mg, 41.6 µmol) was treated with 1.0 mol % of in situ-generated 
1.69c (16 µL, 0.02 M, 0.32 µmol) and 1-methoxy-4-(vinyloxy)benzene (47.8 mg, 318 µmol); the 
mixture was allowed to stir for one hour at 22 °C. The resulting yellow oil was purified by silica 
gel chromatography (50:1 hexanes:diethyl ether) to afford 1.99b (13.5 mg, 29.0 µmol, 85.0% 
yield) as a colorless oil. IR (neat): 2955 (s), 2929 (s), 2894 (m), 2856 (s), 1667 (m), 1505 (s), 
1471 (m), 1250 (s), 1227 (s), 1102 (s), 1069 (s), 1040 (s), 921 (w), 834 (s), 776 (s); 1H NMR 
(400 MHz, CDCl3): δ 6.93–6.89 (m, 2H), 6.86–6.83 (m, 2H), 6.30 (dd, J = 6.0, 0.8 Hz, 1H), 
5.88 (ddd, J = 16.4, 10.4, 6.0 Hz, 1H), 5.24–5.18 (m, 1H), 5.12–5.08 (m, 1H), 4.76 (dd, J = 8.8, 
6.0 Hz, 1H), 4.66 (dd, J = 9.2, 4.4 Hz, 1H), 4.07 (dd, J = 6.0, 4.4 Hz, 1H), 3.78 (s, 1H), 0.90 (s, 
9H), 0.89 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (100 MHz, 
CDCl3): δ 155.5, 151.7, 142.1, 138.9, 117.9, 115.5, 114.8, 112.2, 78.0, 70.4, 55.8, 26.1, 26.1, 
18.5, 18.4, –4.3, –4.3, –4.4, –4.6; HRMS (ESI+) [M+Na]+ calcd for C25H44O4NaSi2: 487.2676, 
# time (min) area area %  #     #                     time (min) area area % 
1 15.41 7310789 49.324 1 16.43 289746 13.853 
2 16.38 7511205 50.676 2 17.34 1801888 86.147 
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found: 487.2662; [α]D20 –11.5 (c = 0.400, CHCl3) for an enantiomerically enriched sample of 
85.5:14.5 er (71% ee). Enantiomeric purity was determined by analysis of HPLC of the 
corresponding alcohol after removal of the silyl group, in comparison with authentic racemic 
material.  
 
(3R,4S,Z)-1-(4-Methoxyphenoxy)hexa-1,5-diene-3,4-diol. Following the general 
procedure described above, 1.99b was desilylated with triethylamine trihydrofluoride. IR (neat): 
3368 (br), 2915 (w), 2836 (w), 1666 (m), 1505 (s), 1464 (w), 1226 (s), 1105 (m), 1034 (s), 927 
(m), 826 (m); 1H NMR (400 MHz, CDCl3): δ 6.95–6.93 (m, 2H), 6.86–6.84 (m, 2H), 6.46 (d, J 
= 6.0 Hz, 1H), 5.94 (ddd, J = 16.4, 10.4, 5.6 Hz, 1H), 5.39 (d, J = 17.2 Hz, 1H), 5.28 (d, J = 10.8 
Hz, 1H), 4.88–4.80 (m, 2H), 4.29 (s, 1H), 3.79 (s, 3H), 2.20 (br, 1H), 1.55 (br, 1H); 13C NMR 
(100 MHz, CDCl3): δ 155.9, 151.2, 144.7, 136.2, 118.0, 117.6, 114.9, 108.6, 75.5, 69.1, 55.8; 
HRMS (ESI+) [M+NH4]+ calcd for C13H20N1O4: 254.1392, found: 254.1385; [α]D20 –4.40 (c = 
0.400, CHCl3) for an enantiomerically enriched sample of 85.5:14.5 er (71% ee). Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material (OD 
column, 96/4 hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major enantiomer) = 111.18 min, tr 
(minor enantiomer) = 124.11 min. 
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# time (min) area area %  #    #                     time (min) area Area % 
1 113.53 16196700 49.622  1 111.18 27804090 85.663 
2 127.42 16443630 50.378 2 124.11 4653537 14.337 
 
((3R,4S,Z)-1-Butoxyhexa-1,5-diene-3,4-diyl)bis(oxy)bis(methylene)dibenzene 
(1.100a). Following the general procedure described above, syn-cyclobutene 1.84 (10.0 mg, 37.6 
µmol) in benzene (190 µl) was treated with 1 mol % in situ-generated 1.69c (18 µL, 0.02 M, 
0.36 µmol) and n-butylvinyl ether (32.0 mg, 0.320 mmol); the mixture was allowed to stir for 0.5 
hour at 60 oC. The resulting brown oil was purified by silica gel chromatography (90:1 
hexanes:diethyl ether) to afford 1.100a (8.40 mg, 22.9 µmol, 61.0% yield) as a colorless oil. IR 
(neat): 3064 (s), 2959 (s), 2935 (s), 2869 (s), 2841 (s), 1659 (m), 1496 (m), 1453 (s), 1421 (m), 
1379 (m), 1307 (m), 1238 (s), 1085 (m), 1067 (m), 991 (m), 927 (m), 782 (m), 733 (m), 697 (m); 
1H NMR (400 MHz, CDCl3): δ 7.40–7.27 (m, 10 H), 6.20 (dd, J = 6.2, 1.0 Hz, 1H), 5.87 (ddd, J 
= 18.2, 10.7, 7.6 Hz, 1H), 5.30 (ddd, J = 4.1, 1.9, 1.0 Hz, 1H), 5.25 (ddd, J = 10.5, 2.0, 1.0 Hz, 
1H), 4.65 (dd, J = 12.3, 4.7 Hz, 1H), 4.57–4.45 (m, 4H), 4.00 (dd, J = 7.5, 4.0 Hz, 1H), 3.74 (t, 
7.0 Hz, 3H), 1.60 (ddd, J = 16.2, 13.2, 7.0 Hz, 2H), 1.40 (ddd, J = 22.5, 15.1, 7.5 Hz, 2H), 0.91 (t, 
J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 149.0, 139.6, 139.2, 136.0, 128.4, 128.3, 127.9, 
127.8, 127.4, 127.3, 118.6, 103.4, 83.0, 74.6, 72.6, 71.0, 70.6, 70.4, 32.1, 19.3, 14.0; HRMS 
(ESI+) [M+Na]+ calcd for C24H30O3Na: 389.2093, found: 389.2088; [α]D20 –2.70 (c = 0.375, 
CHCl3) for an enantiomerically enriched sample of 84.6:15.4 er (69% ee). Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material (OJ column, 
99/1 hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major enantiomer) = 18.0 min, tr (minor 
enantiomer) = 16.0 min. 
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((((3R,4S,Z)-1-(4-Methoxyphenoxy)hexa-1,5-diene-3,4-
diyl)bis(oxy))bis(methylene))dibenzene (1.100b). Following the general procedure described 
previously, cyclobutene 1.84 (10.4 mg, 39.1 µmol) was treated with 1 mol % in situ-generated 
complex 1.69c (19 µL, 0.02 M, 0.38 µmol) and 1-methoxy-4-(vinyloxy)benzene (78.4 mg, 752 
µmol); the mixture was allowed to stir for 30 minutes at 22 °C. The resulting brown oil was 
purified by silica gel chromatography (50:1 hexanes:diethyl ether) to afford 1.100b (12.9 mg, 
31.0 µmol, 82.1% yield) as a colorless oil. IR (neat): 3065 (w), 3030 (w), 2910 (m), 2861 (m), 
1663 (m), 1504 (s), 1453 (m), 1227 (s), 1088 (m), 1062 (m), 1038 (m), 826 (m), 735 (m), 697 
(m); 1H NMR (400 MHz CDCl3): δ 7.39–7.24 (m, 10H), 6.93–6.89 (m, 2H), 6.86–6.83 (m, 2H), 
6.55 (ddd, J = 6.4, 1.6, 0.8 Hz, 1H), 5.94–5.84 (m, 1H), 5.34–5.29 (m, 2H), 4.88 (ddd, J = 9.2, 
2.4, 0.8 Hz, 1H), 4.71–4.64 (m, 2H), 4.52 (dd, J = 12.4, 3.2 Hz, 2H), 3.97 (ddd, J = 7.6, 4.4, 0.8 
Hz, 1H), 3.79 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 155.6, 151.4, 145.1, 139.1, 138.9, 135.6, 
128.3, 128.3, 127.9, 127.8, 127.7, 127.4, 118.8, 117.9, 114.8, 108.5, 82.5, 74.3, 70.6, 70.6, 55.8; 
HRMS (ESI+) [M+NH4]+ calcd for C27H32N1O4: 434.2331, found: 434.2336; [α]D20 –9.00 (c = 
# time (min) area area %  #     #                     time (min) area area % 
1 16.04 2564137 49.139 1 15.98 2771710 15.413 
2 19.24 2654018 50.861 2 18.03 15210840 84.587 
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0.400, CHCl3) for an enantiomerically enriched sample of 82.5:17.5 er (65% ee). Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material (OJ 
column, 98/2 hexanes/i-PrOH, 0.7 mL/min, 254 nm; tr (major enantiomer) = 70.21 min, tr (minor 
enantiomer) = 62.04 min. 
 
# time (min) area area %  #       #                     time (min) area area % 
1 65.27 5231663 49.598  1 62.04 14430630 17.568 
2 76.94 5316428 50.402 2 70.21 67712380 82.432 
 
(S,Z)-(1-Butoxy-3-methylpenta-1,4-dien-3-yl)benzene (1.101a). Following the 
aforementioned procedure, cyclopropene 1.86 (10.0 mg, 76.8 µmol) was treated with 3 mol % in 
situ-generated 1.69c (111 µL, 0.02 M, 2.22 µmol) and n-butylvinyl ether (77.0 mg, 0.770 mmol); 
the mixture was allowed to stir for one hour. The resulting brown oil was purified by silica gel 
chromatography (90:1 hexanes:diethyl ether) to afford 1.101a (15.1 mg, 65.6 µmol, 85.0% yield) 
as a colorless oil. IR (neat): 3027 (s), 2960 (s), 2930 (s), 2872 (s), 1656 (m), 1634 (m), 1491 (m), 
1463 (s), 1445 (m), 1372 (m), 1310 (m), 1283 (s), 1207 (m), 1151 (m), 1100 (m), 910 (m), 762 
(m), 700 (m); 1H NMR (400 MHz, CDCl3): δ 7.38–7.35 (m, 2H), 7.27–7.22 (m, 2H), 7.16–7.11 
(m, 1H), 6.24 (dd, J = 18.0, 10.2 Hz, 1H), 5.93 (d, J = 6.5 Hz, 1H), 5.10 (dd, J = 2.7, 1.4 Hz, 1H), 
5.00 (dd, J = 5.0, 1.4 Hz, 1H), 4.50 (d, J = 6.8 Hz, 1H), 3.60 (ddd, J = 12.5, 6.1, 3.5 Hz, 2H), 
1.64 (s, 3H), 1.50–1.40 (m, 2H), 1.26–1.18 (m, 2H), 0.83 (t, J = 7.4 Hz, 3H); 13C NMR (100 
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MHz, CDCl3): δ 149.0, 146.5, 145.4, 132.0, 128.6, 128.1, 127.0, 126.8, 125.8, 112.3, 111.0, 
72.5, 46.1,32.1, 27.5, 19.2, 14.0; HRMS (ESI+) [M+H]+ calcd for C16H23O: 231.1748, found: 
231.1754; [α]D20 +51.1 (c = 0.200, CHCl3) for an enantiomerically enriched sample of 95.0:5.0 
er (90% ee). Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OJ column, 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major 
enantiomer) = 12.6 min, tr (minor enantiomer) = 10.8 min. 
 
 
 
 
(S,Z)-1-Methoxy-4-((3-methyl-3-phenylpenta-1,4-dien-1-yl)oxy)benzene (1.101b). 
Following the general procedure described previously, cyclopropene 1.86 (10.0 mg, 76.8 µmol) 
was treated with 3 mol % of in situ-generated complex 1.69c (192 µL, 0.02 M, 3.84 µmol) and 
1-methoxy-4-(vinyloxy)benzene (23.1 mg, 154 µmol), the mixture was allowed to stir for 30 
minutes at 22 °C. The resulting brown oil was purified by silica gel chromatography (100:1 
hexanes:diethyl ether) to afford 1.101b (15.1 mg, 53.9 µmol, 71.4% yield) as a colorless oil. IR 
(neat): 3082 (w), 2932 (m), 2834 (m), 1658 (m), 1503 (s), 1443 (m), 1224 (s), 1180 (m), 1053 
(m), 1035 (m), 768 (m), 699 (m), 661 (s); 1H NMR (400 MHz, CDCl3): δ 7.45–7.42 (m, 2H), 
# time (min) area area %  #     #                     time (min) area area % 
1 11.16 780119 49.426 1 11.14 316513 5.232 
2 13.82 798250 50.574 2 13.12 5732559 94.768 
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7.31–7.27 (m, 2H), 7.20–7.16 (m, 1H), 6.84–6.78 (m, 4H), 6.33–6.26 (m, 2H), 5.13 (dd, J = 5.6, 
1.2 Hz, 1H), 5.10 (t, J = 1.2 Hz, 1H), 4.90 (d, J = 6.4 Hz, 1H), 3.77 (s, 3H), 1.66 (s, 3H); 13C 
NMR (100 MHz, CDCl3): δ 155.4, 151.5, 148.2, 145.7, 141.4, 128.1, 126.8, 125.9, 117.7, 117.3, 
114.7, 111.5, 55.8, 46.2, 27.3; HRMS (ESI+) [M+H]+ calcd for C19H21O2: 281.1542, found: 
281.1531; [α]D20 +29.9 (c = 0.500, CHCl3) for an enantiomerically enriched sample of 96.5:3.5 
er (93% ee). Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (OJ column, 99/1 hexanes/i-PrOH, 0.7 mL/min, 254 nm; tr (major 
enantiomer) = 51.65 min, tr (minor enantiomer) = 33.16 min. 
 
# time (min) area area (%) #     # time (min) area area % 
1 32.15 45535990 48.971 1 33.16 10571130 3.693 
2 57.06 47450040 51.029  2 51.65 275706600 96.307 
 
2-((2S,4S,6R)-4-(Benzyloxy)-6-vinyltetrahydro-2H-pyran-2-yl)acetaldehyde (1.102). 
To a solution of pyran 1.95a (11.0 mg, 35.0 µmol) in thf (0.5 mL) was added HCl (1.0 M 
aqueous solution, 120 µL), and the solution was allowed to stir for five hours at 22 °C. The 
mixture was washed with brine and washed with diethyl ether (3x9.0 ml). The combined organic 
layers were dried with anhydrous MgSO4 and concentrated. The residue was purified by silica 
gel chromatography (10:1 hexanes:diethyl ether) to afford  1.102 (8.10 mg, 31.1 µmol, 87.0% 
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yield) as a colorless oil. IR (neat): 3030 (m), 2946 (m), 2851 (m), 1725 (s), 1496 (m), 1454 (m), 
1411 (m), 1384 (m), 1357 (m), 1267 (m), 1171 (s), 1100 (m), 1070 (m), 989 (m), 926 (m), 875 
(m), 738 (m), 670 (m); 1H NMR (400 MHz, CDCl3): δ 9.81 (t, J = 2.1 Hz, 1H), 7.37–
7.28 (m, 5H), 5.85 (ddd, J = 17.4, 10.6, 5.4 Hz, 1H), 5.25 (ddd, J = 17.4, 3.0, 1.5 Hz, 1H), 5.13 
(ddd, J = 10.6, 2.8, 1.3 Hz, 1H), 4.60 (s, 2H), 3.92 (ddd, J = 13.4, 7.2, 2.0 Hz, 1H), 3.87 (ddd, J = 
11.6, 8.0, 2.7 Hz, 1H), 3.65 (ddd, J = 15.5, 11.0, 4.6 Hz, 1H), 2.73 (ddd, J = 16.6, 7.6, 2.4 Hz, 
1H), 2.55 (ddd, J = 16.7, 5.0, 2.0 Hz, 1H), 2.12 (ddd, J = 15.0, 9.2, 4.3 Hz, 2H), 1.34 (ddd, J = 
24.0, 12.2, 9.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 201.0, 138.6, 138.2, 128.7, 128.0, 
127.8, 115.6, 76.6, 74.3, 71.1, 70.0, 49.8, 38.0, 37.8, 30.0; HRMS (ESI+) [M+H]+ calcd for 
C16H21O3: 261.1490, found: 261.1491; [α]D20 –4.70 (c = 0.500, CHCl3). 
 
(R)-3-Methyl-3-phenylpent-4-enal (1.103). A solution of enol ether 1.101a (30.0 mg, 
130 µmol) dissolved in thf (2.0 ml) was charged with HCl (1.0 M aqueous solution, 520 µL), and 
the solution was allowed to stir for five hours at 22 °C. The mixture was washed with a saturated 
solution of aqueous NaHCO3 solution and diethyl ether (3x9.0 ml), the combined organic layers 
were dried with anhydrous MgSO4. The residue then was purified by silica gel chromatography 
(20:1 hexanes:diethyl ether) to afford  1.103 (19.5 mg, 112 µmol, 86.0% yield) as a colorless oil. 
IR (neat): 3085 (m), 3059 (m), 2971 (s), 2832 (m), 2739 (s), 1719 (s), 1636 (m), 1599 (m), 1493 
(m), 1445 (s), 1411 (m), 1375 (m), 1078 (m), 1031 (m), 920 (s), 764 (s), 700 (s); 1H NMR (400 
MHz, CDCl3): δ 9.51 (t, J = 2.8 Hz, 1H), 7.27–7.26 (m, 4H), 7.18–7.15 (m, 1H), 6.04 (dd, J = 
17.6, 10.8 Hz, 1H), 5.14 (dd, J = 10.8, 0.4 Hz, 1H), 5.05 (d, J = 17.6 Hz, 1H), 2.71 (ddd, J = 29.0, 
15.2, 3.0 Hz, 2H), 1.46 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 202.9, 145.6, 145.1, 128.7, 
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126.8, 126.4, 113.3, 53.4, 43.0, 26.2;  HRMS (ESI+) [M+NH4]+ calcd for C12H18N1O1: 192.1388, 
found: 192.1386; [α]D20 –7.92 (c = 1.25, CHCl3). 
 
(S)-1-((2S,4R,6R)-4-((tert-Butyldimethylsilyl)oxy)-6-vinyltetrahydro-2H-pyran-2-
yl)ethane-1,2-diol (1.105). Enol ether 1.89a (12.0 mg, 35.2 µmol) in thf (1.0 mL) was treated 
with NaHCO3 (3.80 mg, 45.8 µmol) and allowed to stir for ten minutes. 3-Chloroperoxybenzoic 
acid (8.00 mg, 45.8 µmol) was added and the resulting mixture was allowed to stir at 22 °C for 
two hours. The reaction mixture was passed through a short plug of silica gel and used for next 
step without further purification. The unpurified mixture was dissolved in toluene (170 µL) and 
treated with dibal–H (1.0 M solution in toluene, 114 µL, 114 µmol) at 0 °C. The mixture was 
allowed to warm to 22 °C and stir for three hours. A saturated aqueous solution of Rochelle salt 
(5.0 ml) was added and the mixture was allowed to stir for six hours. The layers were partitioned 
and the aqueous fraction was washed three times with diethyl ether (10 mL). The combined 
organic layers were dried with MgSO4 and concentrated. The resulting yellow oil was further 
purified by silica gel chromatography (diethyl ether) to afford 1.105 (4.60 mg, 15.2 µmol, 43.0% 
yield over two steps) as a colorless oil. (Characterized as a mixture of two diastereomers) IR 
(neat): 3413 (br, s), 2955 (s), 2929 (s), 2857 (s), 1427 (m), 1254 (m), 1079 (br, s), 910 (m), 837 
(s), 775 (m), 755 (m); 1H NMR (400 MHz, CDCl3): δ 5.81–5.71 (m, 1H), 5.15 (ddt, J = 17.6, 
4.4, 1.4 Hz, 1H), 5.05 (ddt, J = 12.0, 2.8, 1.4 Hz, 1H), 3.82–3.38 (m, 6H), 2.76 (d, J = 4.8 Hz, 
0.5H), 2.53 (d, J = 7.2 Hz, 0.5H), 2.24–2.16 (m, 1H), 1.91–1.86 (m, 1.5H), 1.82–1.77 (m, 0.5H), 
1.31–1.19 (m, 2H), 0.82 (s, 9H), 0.00 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 138.1, 138.1, 
115.4, 115.4, 76.6, 76.6, 73.9, 73.4, 68.5, 68.4, 63.8, 63.6, 41.6, 41.4, 37.4, 37.3, 25.9, 25.9, 18.2, 
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18.2, –4.4, –4.4; HRMS (ESI+) [M+H]+ calcd for C15H31O4Si: 303.1992, found: 303.1992; 
[α]D20 –2.40 (c = 0.300, CHCl3). 
 
(2S,3R,4R)-Ethyl 2-butoxy-3-((2S,4S,6R)-4-((tert-butyldimethylsilyl)oxy)-6-
vinyltetrahydro-2H-pyran-2-yl)-4-methyl-3,4-dihydro-2H-pyran-6-carboxylate (1.107). In 
an N2-filled glovebox, a 4 mL vial with magnetic stir bar was charged with Cu(OTf)2 (2.6 mg, 
0.80 µmol),  and 2,2-bipyridyl (1.2 mg, 0.80 µmol), and CH2Cl2 (350 µL). The vial was tightly 
capped and the mixture was allowed to stir for three hour at 22 °C. The reaction vessel was 
removed from the glovebox and cooled to -78 °C under N2, and 175 µL of the solution was 
transferred by a syringe to another oven-dried 4 mL vial charged with pyran 1.94a (12.0 mg, 
35.0 µmol) and ethyl-2-oxopent-3-enoate (6.50 mg, 46.0 µmol) at –78 °C under N2 and the 
mixture was allowed to stir for 16 hour at –78 °C. The reaction mixture was washed with brine 
and CH2Cl2 (3x10 ml), the combined organic layers were dried with anhydrous MgSO4 and 
concentrated. The resulting yellow oil was purified by silica gel chromatography (10:1 
hexanes:diethyl ether) to afford 1.107 (11.4 mg, 23.6 µmol, 68.5% yield) as a colorless oil. IR 
(neat): 2930 (s), 2928 (m), 1733 (s), 1652 (m), 1463 (m), 1377 (m), 1254 (s), 1130 (s), 1100 (s), 
1063 (s), 978 (m), 916 (m), 774(m); 1H NMR (400 MHz, CDCl3): δ 6.19 (d, J = 5.2 Hz, 1H), 
5.82 (ddd, J = 17.2, 10.8, 4.8 Hz, 1H), 5.23 (ddd, J = 17.2, 1.6, 1.6 Hz, 1H), 5.10 (d, J = 2.8 Hz, 
1H), 5.02 (ddd, J = 10.4, 1.6, 1.6 Hz, 1H), 4.35–4.21 (m, 4H), 4.06 (ddd, J = 11.2, 10.8, 1.6 Hz, 
1H), 3.77–3.71 (m, 1H), 3.37–3.32 (m, 1H), 2.67–2.62 (m, 1H), 1.98 (ddd, J = 9.8, 6.8, 2.6 Hz, 
1H), 1.67–1.62 (m, 2H), 1.54–1.35 (m, 6H), 1.32 (t, J = 7.0 Hz, 3H), 1.19 (d, J = 7.2 Hz, 3H), 
0.91 (s, 9H), 0.86 (t, J = 7.6 Hz, 3H), 0.06 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 163.5, 139.6, 
138.7, 119.1, 114.3, 97.9, 72.0, 69.3, 68.7, 64.8, 61.1, 44.7, 39.3, 37.0, 31.8, 31.6, 26.2, 25.9, 
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19.5, 18.1, 15.4, 14.4, 13.9, –4.7, –4.8; HRMS (ESI+) [M+Na]+ calcd for C26H46O6NaSi: 
505.2961, found: 505.2953; [α]D20 –4.60 (c = 0.300, CHCl3). 
 
2-((2S,4S,6S)-4-(Benzyloxy)-6-((Z)-2-butoxyvinyl)tetrahydro-2H-pyran-2-yl)ethanol 
(1.108). Under an N2 atmosphere, 5.0 mol % of Wilkinson’s catalyst (4.0 mg, 3.5 µmol) was 
cooled to 0 °C in a 4 mL vial, and a solution of pyran 1.96a (22.5 mg, 70.0 µmol) in thf (1.0 mL) 
was added. Catecholborane (15 µl, 0.14 mmol) was subsequently introduced to the mixture by 
syringe. The reaction mixture was allowed to stir for 90 minutes at 0 °C. At this point, the 
mixture (kept at 0 °C) was charged with H2O2 (30 µL, 0.70 mmol) and an aqueous solution of 
2.0 N NaOH (350 µL, 0.700 mmol) was added. The resulting mixture was allowed to warm to 
22 °C. After one hour, H2O was added and the mixture was washed with H2O (5 ml) and three 
times with CH2Cl2 (10 mL); the combined organic layers were dried over anhydrous MgSO4, 
filtered, and concentrated in vacuo to give a colorless oil. Purification by silica gel 
chromatography (1:1 hexanes: Et2O) afforded 1.108 (19.0 mg, 56.5 µmol, 80.7% yield) as a 
colorless oil. 1H NMR (400 MHz, CDCl3): δ 7.36–7.27 (m, 5H), 5.95 (dd, J = 6.4, 1.2 Hz, 1H), 
4.80 (dd, J = 11.8, 7.5 Hz, 1H), 4.60 (d, J = 12.1 Hz, 1H), 4.50 (d, J = 12.0 Hz, 1H), 4.36 (td, J = 
7.0, 1.0 Hz, 1H), 4.13–4.06 (m, 1H), 3.90–3.80 (m, 1H), 3.75-3.70 (m, 4H), 3.10 (dd, J = 8.0, 3.3 
Hz, 1H), 2.00 (dd, J = 14.2, 2.0 Hz, 1H), 1.78–1.72 (m, 2H), 1.62–1.57 (m, 2H), 1.47 (ddd, J = 
14.1, 6.6, 2.2 Hz, 2H), 1.38 (ddd, J = 22.1, 14.8, 7.4 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H); 13C NMR 
(100 MHz, CDCl3): δ 146.8, 139.1, 128.6, 127.7, 127.6, 107.4, 73.7, 72.8, 71.5, 70.2, 67.3, 62.3, 
38.0, 36.3, 35.3, 32.0, 19.2, 14.0. 
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2-((2S,4S,6S)-4-(Benzyloxy)-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)ethan-1-ol 
(1.109). Alcohol 1.108 (22.3 mg, 66.0 µmol) was disolved in a 1:3 mixture of MeOH and 
CH2Cl2 (1.0 ml) and cooled to –78 oC. The solution was sparged with a stream of ozone for 
seven minutes; Ozone was purged by N2 gas (total of approximately 10 minutes). At this time, 
NaBH4 (50.0 mg, 1.32 mmol) was added and the solution was allowed to warm to 22 °C and stir 
for 30 minutes. The reaction was quenched by the addition of H2O (0.4 mL) and the resulting 
mixture was filtered through celite. The resulting yellow oil was purified by silica gel 
chromatography (25:1 CH2Cl2: MeOH) to afford diol 1.109 as a colorless oil (21.8 mg, 79.6 
µmol, 80.0% yield). IR (neat): 3357 (br), 2918 (m), 1437 (m), 1178 (m), 1053 (s), 722 (s), 695 
(s), 541 (s); 1H NMR (400 MHz, CDCl3): δ 7.40–7.27 (m, 5H), 4.53 (dd, J = 16.8, 12.3 Hz, 2H), 
4.10 (ddd, J = 11.7, 10.2, 4.0 Hz, 1H), 4.00–3.94 (m, 1H), 3.90 (ddd, J = 8.7, 5.8, 3.0 Hz, 1H), 
3.80 (t, J = 6.0 Hz, 2H), 3.63 (dd, J = 11.7, 2.8 Hz, 1H), 3.50 (dd, J = 11.4, 6.5 Hz, 1H), 2.70 (s, 
1H), 2.26 (s, 1H), 1.82 (ddd, J = 26.2, 14.1, 5.8 Hz, 2H), 1.76–1.68 (m, 2H), 1.50 (ddd, J = 23.0, 
11.5, 2.8 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 139.0, 129.8, 128.7, 128.6, 127.8, 127.6,  
73.1, 72.4, 71.2, 70.4, 66.3, 61.3, 38.2, 36.0, 31.3; HRMS (ESI+) [M+H]+ calcd for 
C15H22O4Na: 289.1416, found: 289.1417; [α]D20 –11.2 (c = 0.500, CHCl3) for an 
enantiomerically enriched sample. 
 
 (3S,4R,Z)-6-Butoxy-3,4-bis((tert-butyldimethylsilyl)oxy)hex-5-en-1-ol (1.110). An 
oven-dried 4 mL vial equipped with a stir bar was charged with 1.99a (18.0 mg, 49.1 µmol) in 
300 µL THF and 9-BBN in thf was added (200 µL, 98.0 µmol) at 0 °C. The mixture was allowed 
to stir for one hour at 22 °C, and was subsequently cooled to 0 °C. At this time, H2O2 (20 µL, 
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0.49 mmol) was added, followed by an aqueous solution of 2.0 N NaOH (250 µL, 0.490 mmol). 
The mixture was allowed to stir for an additional hour at 22 °C, after which the reaction was 
quenched by the addition of H2O (4.5 mL) and CH2Cl2 (8 mL). The aqueous layer was washed 
with CH2Cl2 (3x10 mL). The combined organic layers were dried with MgSO4, and concentrated 
in vacuo. The resulting yellow oil was purified by silica gel chromatography (10:1 hexanes: 
Et2O), affording the 1.110 as colorless oil (13.9 mg, 32.0 µmol, 65.0% yield). 1H NMR (400 
MHz, CDCl3): δ 5.92 (dd, J = 6.4, 1.1 Hz, 1H), 4.67 (ddd, J = 8.6, 2.6, 1.0 Hz, 1H), 4.38 (dd, J 
= 8.6, 6.3 Hz, 1H), 3.82–3.76 (m, 1H), 3.74–3.68 (m, 2H), 3.66–3.62 (m, 1H), 3.00 (dd, J = 7.7, 
4.1 Hz, 1H), 1.88–1.80 (m, 1H), 1.71–1.65 (m, 1H), 1.61–1.53 (m, 2H), 1.38 (ddd, J = 22.5, 15.0, 
7.4 Hz, 2H), 0.91 (t, J = 7.7 Hz, 3H), 0.88 (s, 9H), 0.87 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 
3H), 0.04 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 145.7, 107.5, 74.6, 72.5, 71.0, 59.1, 35.1, 
32.1, 26.3, 26.1, 19.3, 18.5, 18.4, 14.0, –4.0, –4.3, –4.8. 
 
(3S,4R,Z)-6-Butoxy-3,4-bis((tert-butyldimethylsilyl)oxy)hex-5-en-1-yl benzoate. An 
oven-dried 4 mL vial equipped with a stir bar was charged with benzoic anhydride (25 mg, 0.11 
mmol) and DMAP (1.5 mg, 7.0 µmol). 1.110 (13.9 mg, 32.0 µmol) in CH2Cl2 (0.5 mL) and Et3N 
(22 µL, 0.16 mmol) were added by syringe. The mixture was allowed to stir for 16 hours at 22 
oC, after which the reaction was quenched by the addition of brine (3 mL). The aqueous layer 
was washed with CH2Cl2 (3x10 mL). Combined organic layers were dried with MgSO4, and 
concentrated in vacuo. The resulting yellow oil was purified by silica gel chromatography (10:1 
hexanes: Et2O) to afford benzoate as a colorless oil (10.5 mg, 0.020 mmol, 63% yield). 1H NMR 
(400 MHz, CDCl3): δ 8.02 (d, J = 8.1 Hz, 2H), 7.53 (t, J = 7.3 Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 
5.93 (dd, J = 6.4, 1.0 Hz, 1H), 4.62 (ddd, J = 8.7, 2.6, 1.0 Hz, 1H), 4.50–4.30 (m, 3H), 3.85 (ddd, 
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J = 8.5, 6.0, 2.4 Hz, 1H), 3.70 (t, J = 6.6 Hz, 2H), 3.46 (q, J = 7.0 Hz, 1H), 1.90 (q, J = 6.7 Hz, 
2H), 1.60–1.54 (m, 2H), 1.36 (ddd, J = 22.1, 14.6, 7.5 Hz, 2H), 0.90 (t, J = 7.6 Hz, 3H), 0.88 (s, 
9H), 0.87 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (100 MHz, 
CDCl3): δ 167.0, 145.7, 133.0, 131.0, 129.8, 128.5, 107.2, 74.0, 72.4, 71.0, 62.8, 32.2, 32.1, 26.3, 
26.2, 19.3, 18.5, 18.4, 15.5, 14.0, –4.0, –4.1, –4.7, –4.8.  
 
(3S,4R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-hydroxypentyl benzoate (1.111). 
Followed the ozonolysis procedure described above, 1.111 was delivered as a colorless oil (7.0 
mg, 0.015 mmol, 76% yield). IR (neat): 2929 (s), 2857 (s), 1721 (s), 1472 (m), 1274 (s), 1099 
(s), 834 (s), 776 (s), 711 (m); 1H NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 8.5, 1.3 Hz, 2H), 
7.53 (t, J = 7.3 Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 4.50 (ddd, J = 17.1, 11.7, 6.1 Hz, 1H), 4.40 
(ddd, J = 17.3, 11.0, 7.5 Hz, 1H), 4.00 (ddd, J = 14.9, 11.0, 4.2 Hz, 1H), 3.72–3.68 (m, 2H), 3.64 
(ddd, J = 18.0, 12.1, 5.6 Hz, 1H), 2.10–1.99 (m, 2H), 1.97–1.93 (m, 1H), 0.91 (s, 18H), 0.13 (s, 
3H), 0.12 (s, 3H), 0.11 (s, 3H), 0.09 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 166.8, 133.1, 
130.6, 129.8, 128.6, 76.2, 71.6, 63.9, 62.0, 33.2, 26.2, 26.1, 18.4, 18.3, –4.1, –4.2, –4.3, –4.6; 
HRMS (ESI+) [M+Na]+ calcd for C24H44O5 NaSi2: 491.2625, found: 491.2611; [α]D20 –1.90 (c = 
0.500, CHCl3). 
 
 (S,Z)-5-Butoxy-3-methyl-3-phenylpent-4-en-1-ol (1.112). Following the procedure 
described above, hydroboration followed by H2O2 oxidation provided 1.112 as a colorless oil. 1H 
NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.0 Hz, 2H), 7.28 (t, J = 7.7 Hz, 2H), 7.15 (t, J = 7.5 
Hz, 1H), 5.91 (d, J = 7.0 Hz, 1H), 4.44 (d, J = 7.1 Hz, 1H), 3.66–3.56 (m, 4H), 2.15 (ddd, J = 
Chapter 1, Page  104 
21.1, 13.9, 7.2 Hz, 2H), 1.5 (s, 3H), 1.48–1.43 (m, 1H), 1.25 (ddd, J = 22.3, 14.8, 7.2 Hz, 2H), 
1.19 (t, J = 5.6 Hz, 1H), 0.83 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 149.4, 145.2, 
128.2, 126.4, 125.8, 113.3, 72.6, 61.0, 45.4, 41.6, 32.1, 28.0, 19.2, 14.0.  
 
(R)-3-Methyl-3-phenyldihydrofuran-2(3H)-one (1.113). Following the procedure 
described above, the lactone 1.113 was obtained as a colorless oil. IR (neat):  2979 (m), 2915 
(m), 1767 (m), 1495 (s), 1446 (w), 1380 (m), 1367 (m), 1201 (m), 1171 (m), 1085 (m), 1067 (m), 
1030 (m), 746 (m); 1H NMR (400 MHz, CDCl3): δ 7.42–7.28 (m, 5H), 4.34 (ddd, J = 12.7, 8.9, 
4.0 Hz, 1H), 4.15 (ddd, J = 15.6, 9.0, 6.6 Hz, 1H), 2.70 (ddd, J = 12.8, 6.5, 3.8 Hz, 1H), 2.41 
(ddd, J = 16.5, 12.9, 8.3 Hz, 1H), 1.63 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 180.1, 141.2, 
129.1, 127.6, 126.1, 65.1, 47.7, 38.3, 25.7; HRMS (ESI+) [M+H]+ calcd for C11H13O2: 177.0915, 
found: 177.0913; [α]D20 –2.75 (c = 0.500, CHCl3). 
 
 
 
 
 
 
 
 
 
Chapter 1, Page  105 
 
 
Chapter 1, Page  106 
 
 
 
Chapter 1, Page  107 
 
Chapter 1, Page  108 
 
Chapter 1, Page  109 
 
Chapter 1, Page  110 
 
Chapter 1, Page  111 
 
Chapter 1, Page  112 
 
Chapter 1, Page  113 
 
Chapter 1, Page  114 
 
Chapter 1, Page  115 
 
Chapter 1, Page  116 
 
Chapter 1, Page  117 
 
Chapter 1, Page  118 
 
Chapter 1, Page  119 
 
Chapter 1, Page  120 
 
Chapter 1, Page  121 
 
Chapter 1, Page  122 
 
Chapter 1, Page  123 
 
Chapter 1, Page  124 
 
Chapter 1, Page  125 
 
Chapter 1, Page  126 
 
Chapter 1, Page  127 
 
Chapter 1, Page  128 
 
Chapter 1, Page  129 
 
Chapter 1, Page  130 
 
Chapter 1, Page  131 
 
Chapter 1, Page  132 
 
Chapter 1, Page  133 
 
Chapter 1, Page  134 
 
Chapter 1, Page  135 
 
Chapter 1, Page  136 
 
Chapter 1, Page  137 
 
Chapter 1, Page  138 
 
Chapter 1, Page  139 
 
Chapter 1, Page  140 
 
Chapter 1, Page  141 
 
Chapter 1, Page  142 
 
Chapter 1, Page  143 
 
Chapter 1, Page  144 
 
Chapter 1, Page  145 
 
Chapter 1, Page  146 
 
Chapter 1, Page  147 
 
Chapter 1, Page  148 
 
Chapter 1, Page  149 
 
Chapter 1, Page  150 
 
Chapter 1, Page  151 
 
Chapter 1, Page  152 
 
Chapter 1, Page  153 
 
  Chapter 2, Page  154 
Chapter	  2 
Efficient	   and	   Selective	   Formation	   of	   Macrocyclic	   Disubstituted	   Z	  
Alkenes	  by	  Ring-­‐Closing	  Metathesis	  (RCM)	  Reactions	  Catalyzed	  by	  Mo-­‐	  
or	  W-­‐Based	  Monoaryloxide	  Pyrrolide	   (MAP)	  Complexes:	  Applications	  
to	  Total	  Syntheses	  of	  Epothilone	  C	  and	  Nakadomarin	  A	  
2.1	  Introduction	  
Many natural products contain a macrocyclic C=C double bond in their structures and the 
stereochemical identity of the alkene can be critical to the biological activities of such molecules. 
During the last two decades, catalytic ring-closing metathesis (RCM) has become a widely used 
method for the synthesis of such macrocyclic unsaturated rings.1 There are several reasons for 
such a strong predilection: 1) alkenes are relatively robust functionalities that can be readily 
modified in different ways once cycliczation is performed; 2) it is unnecessary to protect and 
then unmask alkenes in the course of a synthesis route, whereas in macrolactonization, for 
example, the alcohol and the carboxylic acid often require to be differentiated from other 
functional groups upon ring closure; 3) reliability is always associated with this carbon carbon 
bond formation strategy, ever since the first disclosure by Villemin2 and Tsuji3. 
                                                
(1) For reviews regarding applications of catalytic olefin metathesis in natural product synthesis, see: (a) Love, J. A. 
Handbook of Metathesis Vol. 2 (Ed.: R. H. Grubbs), Wiley-VCH, Weinheim, Germany, 2003, 296–322. (b) 
Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed. 2005, 44, 4490–4527. (c) Metathesis in Natural 
Product Synthesis (Eds.: Cossy, J.; Arsenyadis, S.; Meyers C.) Wiley-VCH, Weinheim, Germany, 2010. (d) Fürstner, 
A. Chem. Commun. 2011, 47, 6505–6511. 
(2) Villemin, D. Tetrahedron Lett. 1980, 21, 1715–1718. 
(3) Tsuji, J.; Hashiguchi, S. Tetrahedron Lett. 1980, 21, 2955–2958. 
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Catalytic RCM is thereby commonly viewed as the most suitable approach to 
macrocyclic ring formation; however, cyclizations often proceed without control of alkene 
stereochemistry because no catalyst can reliably deliver kinetic control of stereoselectivity in the 
formation of macrocyclic alkenes.4 Dependence on the substrate conformation that determines 
the thermodynamic preference for one alkene stereoisomer does not typically lead to the 
selective formation of the targeted compound. Generally, Z and E alkene isomers are obtained in 
near equal ratios, or even less favorably, where the undesired E isomer is isolated predominately. 
Considering the fact that the macrocyclization is usually implemented after a long sequence of 
chemical transformations to prepare the requisite precursor, non-selective RCM significantly 
reduces the yield of the desired alkene isomer as well as the entire synthesis. Therefore, a 
catalyst that delivers reliable control of the stereochemical outcome in a macrocyclic RCM 
reaction would enhance the utility of this important method. 
Catalyst development for the selective formation of the Z alkenes represents a significant 
challenge because of the reversible nature of catalytic olefin metathesis, which threatens the 
survival of the often energetically less favored Z isomer. Accordingly, there are two distinct but 
equally important requirements for successful design of efficient Z-selective catalyst to achieve 
macrocyclic RCM: 1) the catalyst must facilitate the formation of higher energy Z isomer with 
exceptional selectivity; 2) the catalyst must be less likely to react with the resulting Z alkene to 
cause adventitious Z to E isomerization. The latter requirement regarding chemoselectivity is 
especially important as the conversion increases and the concentration of the product surpasses 
that of the starting material. 
                                                
(4) For general overviews regarding macrocyclic RCM reactions, see: (a) Gradillas, A.; Perez-Castells, J. Angew. 
Chem., Int. Ed. 2006, 45, 6086–6101. (b) Gradillas, A.; Perez-Castells J. in Metathesis in Natural Product Synthesis 
(Eds.: Cossy, J.; Arsenyadis, S.; Meyer C.), Wiley-VCH, Weinheim, Germany, 2010, 149–182. 
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Herein, we describe our investigations regarding the development of the first examples of 
catalytic RCM that provide highly efficient and Z-selective formation of macrocyclic 
disubstituted alkenes.5 An assortment of macrocyclic alkenes can be accessed stereoselectively 
through such transformations promoted by Mo- or W-based monoaryloxide monopyrrolide 
(MAP) complexes.6 The utility of the method is highlighted by the stereoselective syntheses of 
anticancer and antibacterial agents epothilone C and nakadomarin A. 
 
2.2	  Background	  
In acyclic systems, Z alkenes are generally higher in energy than the E alkene isomers; 
however, this is not always true in a macrocyclic ring because the conformation of the molecule 
now becomes part of the substrate-control to determine the energy difference between the two 
isomeric alkenes. Consequently, there have been a limited number of examples showing that Z 
macrocyclic alkenes sometimes could be obtained selectively by RCM, which possibly originates 
from control of substrate conformation (Figure 2.1). For example, Martin and co-workers 
demonstrated the macrocyclic Z alkene of ircinal A (2.1) can be furnished with 89% selectivity 
with 1st generation Grubbs catalyst in 1999.7 More recently, Forsyth’s group showed RCM with 
2nd generation Grubbs catalyst in hexanes delivered the desired phorboxazole A macrolide (2.2) 
in 91% Z selectivity, whereas reaction in toluene only afforded an equal mixture of the two 
                                                
(5) (a) Yu, M.; Wang, C.; Kyle, A. F.; Jakubec, P.; Dixon, D. J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 479, 
88–93. (b) Wang, C.; Yu, M.; Kyle, A. F.; Jakubec, P.; Dixon, D. J.; Schrock, R. R.; Hoveyda, A. H. Chem. Eur. J. 
2013, 19, 2726–2740. 
(6) (a) Singh, R.; Schrock, R. R.; Muller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 12654–12655. (b) 
Malcolmson, S. J.; Meek, S. J.; Schrock, R. R.; Hoveyda, A. H. Nature 2008, 456, 933–937. (c) Sattely, E. S.; Meek, 
S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 943–953. 
(7) Martin, S. F.; Humphrey, J. M.; Ali, A.; Millier, M. C. J. Am. Chem. Soc. 1999, 121, 866–867. 
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isomers.8 Clinically important hepatitis C virus (HCV) protease inhibitor BILN 2061 (2.3) is 
another case where Z olefin was generated exclusively through Ru-catalyzed RCM.9 
N
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MeO
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Figure 2.1: Substrate-Controlled Z-Selective Macrocyclic RCM Reactions in Complex Molecule Synthesis
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Such substrate-controlled selectivity in RCM, though sometimes favors the formation of 
Z macrocyclic alkenes, typically generates a mixture of the two isomers in near equal ratios, or 
favors the undesired E isomer. Representative cases of non-selective macrocyclic RCM reactions 
in natural product synthesis are demonstrated in Figure 2.2. Epothilones, 10  a group of 
macrolactones isolated from myxobacteria Sorangium cellulosum, inhibit the cell mitosis 
through interfering with the binding of tublins, like taxanes. Interestingly, this class of natural 
products even exhibits potent cytotoxicity in taxane-resistant cell lines. Among these molecules, 
                                                
(8) Wang, B.; Forsyth, C. J. Org. Lett. 2006, 8, 5223–5226. 
(9) (a) Yee, N. K.; Farina, V.; Houpis, I. N.; Haddad, N.; Frutos, R. P.; Gallou, F.; Wang, X.; Wei, X.; Simpson, R. 
D.; Feng, X.; Fuchs, V.; Xu, Y.; Tan, J.; Zhang, L.; Xu, J.; Smith-Keenan, L. L.; Vitous, J.; Ridges, M. D.; Spinelli, 
E. M.; Johnson, M.; Donsbach, K.; Nicola, T.; Brenner, M.; Winter, E.; Kreye, P.; Samstag, W. J. Org. Chem. 2006, 
71, 7133–7145. (b) Shu, C.; Zeng, X.; Hao, M.; Wei, X.; Yee, N. K.; Busacca, C. A.; Han, Z.; Farina, V.; 
Senanayake, C. H. Org. Lett. 2008, 10, 1303–1306. 
(10) (a) Hofle, G.; Bedorf, N.; Steimmetz, H.; Schomburg, D.; Gerth, K.; Reichenbach, H. Angew. Chem., Int. Ed. 
Engl. 1996, 35, 1567–1569. (b) Kowalski, R. J.; Giannakakou, P.; Hamel, E. J. Biol. Chem. 1997, 272, 2534–2541; 
(c) Bollag, D. M.; McQuwney, P. A.; Zhu, J.; Hensens, O.; Koupal, L.; Liesch, J.; Goetz, M.; Lazarides, E.; Woods, 
C. M. Cancer Res. 1995, 55, 2325–2333. For a review on biological chemistry of epothilones, see: (d) Nicolaou, K. 
C.; Roschangar, F.; Vourloumis, D. Angew. Chem., Int. Ed. 1998, 37, 2014–2045. 
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epothilone C (2.4) and its epoxide analog epothilone A, have been prepared through macrocyclic 
RCM reactions by several research groups since 1997. Though tremendous efforts were focused 
on the modification of RCM substrate especially on the protecting groups of the two alcohol 
units, the best Z selectivity of the 16-membered macrocyclic alkene was only 63%.11 Separation 
of the resulting Z and E olefin mixture was inevitable because only the Z isomer can be 
converted to the target molecule. Similar outcomes were observed in the RCM approaches to 
nakadomarin A (2.5),12 a marine alkaloid that exhibits anticancer and antimicrobial activity, as 
well as latrunculin B (2.6),13 a potent actin polymerization inhibitor. Though the desired Z 
alkenes were obtained as the major products in these cases, the low selectivity only led to a 
moderate yield, thus significantly diminished the efficiency of the synthesis. A more extreme 
case was represented by RCM approach to haliclonacyclamine C: the desired Z olefin isomer 
was only obtained in 14% selectivity by RCM. 14  It once again demonstrated that the 
stereochemical outcome of macrocyclic RCM reactions can be neither controlled nor properly 
predicted. Clearly, precautions have to be taken when planning a late-stage RCM for the 
preparation of Z macrocyclic alkenes. 
                                                
(11) (a) Nicolaou, K. C.; He, Y.; Vourloumis, D.; Vallberg, H.; Roschangar, F.; Sarabia, F.; Ninkovic, S.; Yang, Z.; 
Trujillo, J. I. J. Am. Chem. Soc. 1997, 119, 7960–7963. (b) Meng, D.; Bertinato, P.; Balog, A.; Su, D.; Kamenecka, 
T.; Sorensen, E. J.; Danishefsky, S. J. J. Am. Chem. Soc. 1997, 119, 10073–10092. (c) Schinzer, D.; Bauer, A.; 
Bohm, O.; Limberg, M. A.; Cordes, M. Chem. Eur. J. 1999, 5, 2483–2491. (d) Sinha, S. C.; Sun, J.; Miller, G. P.; 
Wartmann, R.; Lerner, A. Chem. Eur. J. 2001, 7, 1691–1702. 
(12) Kobayashi, J.; Watanabe, D.; Kawasaki, N.; Tsuda, M. J. Org. Chem. 1997, 62, 9236–9239.  
(13) She, J.; Lampe, J. W.; Polianski, A. B.; Watson, P. S. Tetrahedron Lett. 2009, 50, 298–301. 
(14) Smith, B. J.; Sulikowski, G. A. Angew. Chem., Int. Ed. 2010, 49, 1599–1602. 
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Figure 2.2: Non-selective Macrocyclic RCM Reactions in Natural Products Synthesis
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To address the shortcoming, an alternative stereoselective method, involving W- or Mo-
catalyzed ring-closing alkyne metathesis (RCAM) reaction followed by a Z-selective 
semireduction of the resulting cycloalkyne, was introduced by Fürstner and co-workers.15 As 
mentioned above, for example, the synthesis of epothilones has demonstrated the potential of 
RCM in organic synthesis but also highlighted the drawback of the method with regard to the 
low stereoselectivity. Thus, diyne substrate 2.8 was prepared by Fürstner’s group and subjected 
to an RCAM reaction condition with 10 mol % Mo-based complex 2.9 (Scheme 2.1). The 
corresponding cycloalkyne 2.10 was obtained in 80% yield and subsequent Z-selective Lindlar 
hydrogenation followed by the removal of silyl-protecting group furnished epothilone C in 79% 
yield.16 
                                                
(15) For a review on catalytic alkyne metathesis reactions, see: Fürstner, A.; Davis, P. W. Chem. Commun. 2005, 
2307–2320.  
(16) Fürstner, A.; Mathes, C.; Lehmann, C. W. Chem. Eur. J. 2001, 7, 5299–5317. 
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Scheme 2.1: Synthesis of Epothilone C by Ring-Closing Alkyne Metathesis/Hydrogenation
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The alkyne metathesis approach is certainly capable of accessing exceptional Z 
selectivity (>98% Z); however, several issues are worthy of note: 1) This approach requires a 
stereoselective hydrogenation reaction to convert a cycloalkyne into a cycloalkene; Lindlar 
hydrogenation, at present, is the most commonly-used method, which has the possibility of over-
reduction, not to mention its toxic lead component. 2) Preparation of methyl-substituted internal 
alkyne is necessary because the corresponding terminal alkyne substrate can cause 
oligomerization. 17  Thus, methyl-substituted internal alkyne 2.12 was prepared, however, 
requiring five chemical transformations from homoallylic alcohol 2.11, an intermediate that can 
be applied to an alkene metathesis route (Scheme 2.1). Such discrepancy is due to several factors, 
among which is the lack of enantioselective method for the synthesis of alkyne-containing 
substrate. 3) Some of the alkyne RCM may need elevated temperatures, such as the example in 
Scheme 2.1, however, more recent advances have led to the development of catalysts that do not 
                                                
(17) Coutelier, O.; Mortreux, A. Adv. Synth. Catal. 2006, 348, 2038–2042. 
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require the use of chlorinated solvents or an additive and can be operated at ambient 
temperature.18 
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More recently, macrocyclic RCM reactions involving an internal vinylsilane and a 
terminal alkene, have been reported by Schreiber and co-workers (Scheme 2.2).19 In the presence 
of 20 mol % Ru-complex 2.14, RCM furnished the desired E alkenylsilane product, such as 2.15; 
upon a subsequent protodesilylation, Z macrocyclic alkene 2.16 was obtained with complete 
stereochemical control. Two additional steps are again required: the requisite vinylsilanes are 
accessed by alkyne hydrosilylation, catalyzed by a Ru-based catalyst; and the resulting 
trisubstituted silyl-substituted alkenes are converted to the corresponding disubstituted Z alkene 
by protodesilylation, upon the treatment with ammonium fluoride, silver fluoride and acetic acid. 
Though the desired Z olefins can be generated in usually good stereoselectivity, the use of a 
sterically demanding silyl group and the intermediacy of a trisubstituted alkene decrease the 
efficiency of the reaction, thereby relatively high catalyst loading (20 mol %) has to be used in 
this RCM reaction. 
                                                
(18) Heppekausen, J.; Stade, R.; Goddard, R.; Fürstner, A. J. Am. Chem. Soc. 2010, 132, 11045–11057. 
(19) Wang, Y.; Jimenez, M.; Hansen, A. S.; Raiber, E.; Schreiber, S. L.; Young, D. W. J. Am. Chem. Soc. 2011, 133, 
9196–9199. 
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2.3	  Formation	  of	  Macrocyclic	  Disubstituted	  Z	  Alkenes	  by	  RCM	  Reactions	  
2.3.a	  Mechanistic	  Models	  for	  Z	  Selectivity	  in	  Macrocyclic	  RCM	  Promoted	  by	  
MAP	  Complexes	  
The study began with an analysis of the origin of Z selectivity in the macrocyclic RCM 
reactions. Such analysis would help elucidate the nature of the challenges faced in the course of 
development of Z-selective transformations. Based on the Z-selective ring-opening/cross-
metathesis reactions, as discussed in Chapter 1, we projected that control of olefin 
stereochemistry originates from sufficient size differential between the imido and aryloxide 
ligands of the MAP complex (Scheme 2.3).20 As shown in Scheme 2.3, the sterically hindered 
and freely rotating aryloxide ligand can force the alkene, which has already been tethered to the 
metal, to coordinate with the metal center. Consequently, substituents on the resulting 
metallacyclobutane are oriented towards the smaller imido ligand (III, Scheme 2.3). A 
productive decomposition of metallacyclobutane III would deliver olefin complex IV and the 
subsequent release of macrocyclic Z alkene product would furnish the corresponding 
methylidene complex V, which can react with another molecule of diene substrate to regenerate 
complex I or II. 
                                                
(20) (a) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844–3845. (b) Yu, M.; 
Ibrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 2788–2799. 
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Scheme 2.3: Key Structure Features of MAP Complexes Responsible for Z Selectivity in Macrocyclic RCM Reactions.
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Olefin metathesis reactions are inherently reversible;21 and as indicated by the general 
pathway in Scheme 2.4, the kinetically generated Z olefin product can be catalytically isomerized 
to the its lower energy E isomer. Accordingly, the same factors that deliver high kinetic Z 
selectivity make available a pathway for catalytic post-RCM isomerization. The steric repulsion 
between the substituent of the alkylidene and the hindered aryloxide (complex VI, Scheme 2.4) 
results in a strong preference for modes of reaction represented by complex I or II (Scheme 2.3). 
It suggests that re-association of an E macrocyclic alkene with the catalyst, as featured in VII 
(Scheme 2.4), would be relatively less favorable compared to the corresponding system of the Z 
isomer (IV, Scheme 2.3). Based on this hypothesis, the Z macrocyclic olefins are more 
susceptible to undergo such ring-opening process that lead to Z to E isomerization, whereas any 
E alkene product generated is less prone to re-enter the catalytic cycle. The above considerations 
                                                
(21) For an early report on the reversible nature of catalytic olefin metathesis in the context of natural product 
synthesis, see: Xu, Z.; Johannes, C. W.; Houri, A. F.; La, D. S.; Cogan, C. A.; Hofilena, G. E.; Hoveyda, A. H. J. 
Am. Chem. Soc. 1997, 119, 10302–10316. 
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further illustrate the challenge in designing catalysts for efficient and selective olefin metathesis. 
That is, the catalyst must be sufficiently active and generate the Z alkene with a strong 
preference but not too potent to diminish the delicate kinetic selectivity. 
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2.3.b	  Z-­‐Selective	  Macrocyclic	  RCM	  of	   Less	  Substituted	  Dienes:	   Identification	  of	  
Optimal	  Catalysts	  
We began our investigation by studying RCM reactions of several relatively 
unfunctionalized simple diene substrates as the means to illustrate several fundamental aspects of 
the transformation. We also probed the influence of ring size and different types of linking units 
(e.g., carboxylic esters or amides) on the efficiency and stereoselectivity of macrocyclization. 
The first case we studied is RCM of diene 2.21 to afford the sixteen-membered lactone Z-2.22 
(Table 2.1). A previously reported study involving Ru-based complex derived from Grubbs 1st 
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generation catalyst generated 2.22 with 77% E selectivity.22 As shown in entries 1–3 in Table 2.1, 
E-2.22 is delivered preferentially with several Ru-based complexes, including Grubbs catalysts 
and Hoveyda-Grubbs 2nd generation catalyst (<23% Z); the Mo-based Schrock catalyst is not 
capable of improving selectivity (22% Z, entry 4, Table 2.1). In contrast, Z-2.22 is generated 
with moderate preference when RCM is carried out with monoaryloide pyrrolide complex 2.23 
(56% conv, 45% yield, 67% Z, entry 5, Table 2.1). 
5 mol % complex
C7H8, 22 °C, 1 h
a Reactions were carried out in toluene (5.0 mM) at 22 oC for one 
hour under an atmosphere of nitrogen gas; b Ru-based complexes 
were prepared before use; Alkylidenes were synthesized in situ 
from the corresponding bis-pyrrolide and aryl alcohol, which 
proceeds in >98% yield; c Conversion and Z:E ratios were 
determined by analysis of 400 MHz 1H NMR spectra of unpurified 
mixtures; d Yields of purified products.
entry Conv. (%)c; Yield (%)d Z:Ec
1
2
3
4
5
Complexb
G-I
G-II
HG-II
Schrock
2.23
80; 62
75; 61
71; 59
85; 60
56; 45
23:77
21:79
20:80
22:78
67:33
Table 2.1: Initial Catalyst Screening for Macrocyclic RCM Reaction a
2.21 2.22
O
O O
16
O
Ru
Oi-Pr
NMesMesN
Cl
ClRu
Ph
PCy3
PCy3
Cl
Cl
G-I:
Ph
Ru
NMesMesN
Cl
Cl
G-II:
PCy3
HG-II: Schrock:
Mo
N
O
O
CF3F3C
F3C
F3C Ph
N
Mo
O Br
TBSO
Br
N Ph
2.23
 
As disclosed in previous studies of Z-selective olefin cross-metathesis reactions, 23 
reduced pressure of the reaction vessel can minimize the isomerization of the resulting Z olefin 
as well as improve the efficiency of the reaction. Under such condition, RCM with 2.23 delivers 
                                                
(22) Fürstner, A.; Langemann, K. J. Org. Chem. 1996, 61, 3942–3943. 
(23) Meek, S. J.; O’Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 471, 461–466 
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Z-2.22 in 55% yield and 72% selectivity (entry 1, Table 2.2). Complex 2.24, containing a smaller 
arylimido ligand, leads to the formation of Z-2.22 in 77% selectivity (56% yield, entry 2, Table 
2.2). Adamantylimido ligand-containing complex 2.25 furnishes 85% of the Z isomer with only 3 
mol % catalyst (62% yield, entry 3, Table 2.2); stereoselectivity is further enhanced to 92% Z 
with 1.2 mol % catalyst loading while affording similar efficiency (56% yield, entry 4; vs 3.0 
mol % in entry 3, Table 2.2), presumably because isomerization of the cyclic Z alkene is reduced 
when catalyst is less available.  
Though the level of Z selectivity can meet the requirement of synthetic utility, the 
reaction has to be stopped at only moderate conversion to avoid the simultaneous olefin 
isomerization. Thus, to develop an efficient and Z-selective RCM process, it is necessary to 
identify new catalysts with higher chemoselectivity of terminal olefin versus internal Z olefin. 
W-based MAP complexes, though disclosed almost at the same time as the Mo-based variants, 
are often much less reactive than the latter, thus have been rarely used in olefin metathesis 
reactions. Dichlorophenylimido tungsten alkylidene 2.2624 leads to exceptional stereoselectivity 
(95% Z), but the reaction proceeds only to 14% conversion (entry 5, Table 2.2). The strong 
preference for Z macrocyclic olefin is likely to be due to similar principles that lead to 
stereoselective homocoupling and cross-metathesis reactions,24 however, the less active and 
sterically more demanding complex cannot deliver a significant conversion. Tungsten alkylidene 
2.27, bearing the same ligands as Mo complex 2.23, affords desired Z product in 62% yield and 
91% selectivity (entry 6, Table 2.2). Tungsten metallacyclobutane complex 2.28,25 prepared by 
subjection of a solution of the corresponding neophylidene complex 2.27 to an atmosphere of 
ethylene, delivers Z-2.22 in 73% yield and 90% selectivity (entry 7, Table 2.2). It has been 
                                                
(24) Jiang, A. J.; Zhao, Y.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 16630–16631. 
(25) Jiang, A. J.; Simpson, J. H.; Muller, P.; Schrock, R. R. J. Am. Chem. Soc. 2009, 131, 7770–7780. 
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reported that complex 2.28, existing as a mixture of metallacyclobutane and methylidene 
ethylene complex in solution, can be viewed as a more active catalyst for olefin metathesis 
reactions, compared to its more sterically hindered alkylidene precursor, perhaps due to a faster 
rate of initiation. Finally, the balance between reactivity and selectivity has been achieved with 
W-based catalyst 2.28. Besides their exceptional behavior in Z-selective RCM, tungsten 
complexes are sufficiently robust that they can be weighed in air and various manipulations can 
be performed in a fume hood with standard glassware. When complex 2.28, which has been kept 
under inert atmosphere (e.g., N2) for long-term storage, is exposed to air, there is less than 10% 
decomposition within ten minutes, sufficient amount of time to set up an RCM reaction. 
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catalyst
C7H8, 22 °C, 1 h
entry Conv. (%)c; Yield (%)d Z:Ec
1
2
3
4
5
6
7
Catalystb      Catalyst loading (mol %)
2.23
2.24
2.25
2.25
2.26
2.27
2.28
91; 55
97; 56
80; 62
75; 56
14; 10
80; 62
91; 73
72:28
77:23
85:15
92:8
95:5
91:9
90:10
Table 2.2: Catalyst Screening for Macrocyclic RCM Reaction under vacuum a
2.21 2.22
O
O O
O
N
Mo
O Br
TBSO
Br
N Ph
N
Mo
O Br
TBSO
Br
N Ph
W
O Br
TBSO
Br
N
NN
W
O Br
TBSO
Br
N Ph
Cl Cl
5.0
5.0
3.0
1.2
5.0
5.0
5.0
W
O
N
t-Bu
N
a Reactions were carried out in toluene (5.0 mM) at 22 oC for one hour under a 7 torr 
vacuum; b Mo-complexeswere synthesized in situ from the corresponding bis-pyrrolide and 
aryl alcohol, which proceeds in >98% yield for 2.23 and 2.24, and in 60% yield for 2.25; W-
based complexes were prepared before use; c Conversion and Z:E ratios were determined 
by analysis of 400 MHz 1H NMR spectra of unpurified mixtures; d Yields of purified products.
N
Mo
O Br
TBSO
Br
N Ph
2.242.23
2.26 2.282.27
2.25
 
2.3.c	  Stereoselective	  Synthesis	  of	  Epilachnene	  by	  Z-­‐Selective	  RCM	  
We then chose fifteen-membered ring macrolactone epilachnene,26  secreted by the 
Mexican bean beetle as part of its pupae defense mechanism,27 to serve as the subsequent target 
                                                
(26) Attygalle, A. B.; McCormick, K. D.; Blankespoor, C. L.; Eisner, T.; Meinwald, J. Proc. Natl. Acad. Sci. USA 
1993, 90, 5204–5208. 
(27) Rossini, C.; Gonzalez, A.; Farmer, J.; Meinwald, J.; Eisner, T. J. Chem. Ecol. 2000, 26, 391–397. 
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for our study. The main reason for this selection is because the aza-macrolide has been 
synthesized through catalytic alkene RCM as well as alkyne RCM followed by partial 
hydrogenation; thereby any limitations associated with either approaches could be evaluated and 
addressed. Consequently, we suggest a stereoselective RCM accessing epilachnene that 
represents a more efficient approach than those formerly outlined,28 and is applicable to the 
synthesis of an assortment of other sparsely substituted macrocyclic alkenes. 
The results of extant investigations towards the synthesis of epilachnene by alkene RCM 
are outlined in Scheme 2.5. In the presence of commonly used complexes in olefin metathesis, 
such as Ru-based catalysts or Mo-based bis-alkoxide, diene 2.29 is preferentially converted to 
the undesired E isomer (67%–75% E).28 To address this challenge, as shown in Scheme 2.5, an 
alternative stereoselective approach was implemented by Fürstner, employing Mo- or W-
catalyzed alkyne metathesis. Catalytic RCM with the diyne substrate 2.31 delivers the 
macrocyclic alkyne 2.33 in 67% yield; subsequent partial hydrogenation, promoted by Lindlar’s 
catalyst, results in the formation of the Z olefin.29 As discussed in previous sections, alkyne RCM 
generally delivers exceptional Z selectivity (>98% Z); however, the requisite methyl-substituted 
alkyne for RCAM as well as Lindlar hydrogenation limit the use of this method. Moreover, in 
this particular case, the basic amine must be protected prior to RCM, in order to achieve high 
catalyst activity, leading to the two additional steps for the synthesis route (protection and 
removal of the Fmoc group) and low overall efficiency (the deprotection was reported to proceed 
only in 62% yield). In combinations of all these facts, cycloalkyne precursor 2.31 was prepared 
in twelve steps (longest linear sequence of nine steps) and epilachnene was accomplished in 
fifteen steps (longest linear sequence of twelve steps). In contrast, diene 2.29 is prepared in total 
                                                
(28) Fürstner, A.; Langemann, K. Synthesis 1997, 792–803. 
(29) Fürstner, A.; Guth, O.; Rumbo, A.; Seidel, G. J. Am. Chem. Soc. 1999, 121, 11108–11113. 
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of five steps from commercially available materials and epilachnene can be accessed in six steps, 
partly because of the large number of inexpensive commercially available olefinic compounds. 
O NFmoc
O
n-PrMe
Me
O NFmoc
O
n-Pr
5.0 mol %
80 °C, ClC6H5, 1.0 h 2. (n-Bu)4NF•3H2O
(62% yield)67% yield
W
Ot-Bu
t-BuO
t-Bu
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(94% yield)
O NH
O
n-Pr
epilachnene (2.30)
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Scheme 2.5: Approaches to Epilachnene Involving Ring-Closing Alkene and Alkyne Metathesis
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Based on the aforementioned studies of catalyst identification for Z-selective macrocyclic 
RCM process of a simple model system, we tested both Mo-based adamantylimido alkylidene 
2.25 and W-based metallacyclobutane arylimido complex 2.28 in epilachnene RCM. As depicted 
in Scheme 2.6, treatment of unsaturated amine 2.29 with 1.2 mol % Mo-based complex or 5.0 
mol % W-based complex affords epilachnene in 70% and 82% yield, respectively; the desired 
macrocyclic Z olefin is formed in 91% selectivity with either catalyst. Because tungsten 
complexes are sufficiently stable in air, the W-catalyzed cyclization is performed at 0.1 gram-
scale, entailing handling of the W-based complex in air at nearly 80% humidity level. The 
stereoselective synthesis of the aza-macrolide by catalytic diene RCM does not require 
protection and subsequent deprotection of the basic amine, which underscores the stability of the 
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Mo- and W-based alkylidenes towards this commonly occurring functional group (vs the 
corresponding alkylidyne complex in Scheme 2.5). 
5.0 mol %
mesitylene (5.0 mM),
22 °C, 0.6 torr, 1.0 h
O NH
O
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O NH
O
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76% conv, 70% yield,
91% Z
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toluene (5.0 mM),
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O
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92% conv, 82% yield,
91% Z
Scheme 2.6: Practical and Z-Selective Synthesis of Epilachnene by Mo and W-based Catalysts
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2.3.d	   Stereoselective	   Synthesis	   of	   Yuzu	   Lactone,	   Ambrettolide	   and	   Other	  
Relatively	  Unfunctionalized	  Z	  Macrocyclic	  Alkenes 
Macrocyclic compounds with ester or amide-linker of various ring sizes can be prepared 
by the use of Mo or W alkylidene complexes 2.25 and 2.28 with unprecedented Z selectivity, as 
well as with efficiency levels that should render the method of notable utility. Results of RCM 
reactions are summarized in Table 2.3; the discrepancy between the percent conversion and yield 
is largely due to the adventitious oligomerization processes. For comparison, and to underline the 
uniqueness of the Mo or W-based alkylidene complexes, the data regarding the RCM promoted 
by Grubbs 2nd generation catalyst and Schrock catalyst are presented. In most cases, substantial 
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amounts of the E alkene isomers are formed with a significant preference with the latter two 
complexes. 
entry macrocyclic Z alkene complexb conv (%);c  yield (%)d
O
O
O
O
NH
O
N
H
O
yuzu lactone (2.34)
O
O
ambrettolide (2.38)
G-II
Schrock
2.25
2.28
92; 46
93; 30
63; 49
74; 46
1
2
3
4
97; 74
98; 67
74; 50
82; 54
5
6
7
8
96; 68
98; 56
72; 50
<20; nd
9
10
11
12
98; 60
93; 53
81; 69
<20; nd
13
14
15
16
95; 61
95; 65
85:77
90:78
17
18
19
20
condition
ambient
ambient
7.0 torr
7.0 torr
ambient
ambient
7.0 torr
7.0 torr
ambient
ambient
7.0 torr
7.0 torr
ambient
ambient
7.0 torr
7.0 torr
ambient
ambient
7.0 torr
7.0 torr
Table 2.3: Synthesis of Macrocyclic Esters and Amides by Catalytic Z-Selective RCM a
a Reactions were carried out in toluene (5.0 mM) at 22 oC for one hour under an atmosphere of nitrogen gas or a 7 
torr vacuum, as noted; reactions were catalyzed with 5 mol % catalyst when HG-II, Schrock's catalyst or 2.28 were 
used, and with 3 mol % catalyst when 2.25 was used. b HG-II, Schrock's catalyst and complexes 2.28 were prepared 
before use; alkylidene 2.25 was synthesized in situ from the corresponding bis-pyrrolide and aryl alcohol, which 
proceeds in 60% yield. c Conversion and Z:E ratios were determined by analysis of 400 MHz 1H NMR spectra of 
unpurified mixtures. d Yields of purified products.
Schrock:
Mo
N
O
O
CF3F3C
F3C
F3C Ph
N
Mo
O Br
TBSO
Br
N Ph W
O Br
TBSO
Br
N
N
2.282.25
2.35
2.36
2.37
G-II
Schrock
2.25
2.28
G-II
Schrock
2.25
2.28
G-II
Schrock
2.25
2.28
G-II
Schrock
2.25
2.28
Z:E c
15:85
17:83
69:31
73:27
Ph
Ru
NMesMesN
Cl
Cl
G-II:
PCy3
7:93
7:93
80:20
82:18
15:85
15:85
95:5
nd
66:34
56:44
93:7
nd
24:76
23:77
91:9
88:12
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Synthesis of thirteen-membered camphor- and minty-smelling yuzu lactone 2.3430 is 
studied first with these metathesis catalysts (entries 1–4, Table 2.3). Moderate yields of desired 
RCM product are observed due to the competing oligomerization. Either Grubbs 2nd generation 
catalyst or Schrock catalyst delivers RCM product in favor of E isomer (>83% E, entries 1 and 2, 
Table 2.3), whereas Mo- and W-based catalyst affords RCM product with moderate Z selectivity 
(69% and 73%, respectively, entries 3 and 4, Table 2.3). The moderate selectivity suggests that a 
comparatively strained ring of thirteen-membered yuzu lactone (vs larger ring, such as 2.22) may 
undergo ring-opening more readily and alkene isomerization thus occurs at a faster rate. 
Consequently, when the RCM reaction (with 3 mol % 2.25) is analyzed after ten minutes at 20% 
conversion, 82% of the Z alkene is observed in the mixture (vs 69% Z after one hour). Similar 
results are observed in the synthesis of fourteen-membered macrolactone 2.35 (entries 5–8, Table 
2.3). Calculations indicates that the E-2.35 is 1.9 kcal/mol lower in energy than its corresponding 
Z isomer, leading to approximately 96% E selectivity in a cyclization under thermodynamic 
control; such theoretical prediction is in accordance with the experimental data in which 93% E 
selectivity is obtained with Grubbs 2nd generation catalyst or Schrock catalyst (entries 5 and 6, 
Table 2.3). The same as the trend observed with yuzu lactone, catalytic RCM reactions with 2.25 
or 2.28 delivered 80%–82% of the Z macrocyclic alkene, suggesting a substantial degree of 
catalyst control with the MAP complexes (entries 7 and 8, Table 2.3).  
Unlike the two macrolactones mentioned above, formations of fourteen-membered 
macrolactam 2.36 and sixteen-membered macrolactam 2.37 are achieved with excellent Z 
selectivity (entries 9–16, Table 2.3). Grubbs 2nd generation catalyst or Schrock catalyst only 
gives 15% Z olefin of 2.36 in RCM, whereas Mo alkylidene 2.25 furnishes the desired Z isomer 
                                                
(30) (a) Doss, R. P.; Gould, S. J.; Johnson, K. J.; Flath, R. A.; Kohnert, R. L. Phytochemistry 1989, 28, 3311–3317. 
(b) Rodefeld, L.; Tochtermann, W. Tetrahedron 1998, 54, 5893–5902. 
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in 95% selectivity (entries 9–11, Table 2.3). A similar 93% Z selectivity is obtained with sixteen-
membered ring 2.37, the identity of which is further confirmed through X-ray crystallography 
analysis (entry 15, Table 2.3). Tungsten alkylidene 2.28, and several other W-based catalysts are 
not capable of promoting the ring closure towards amide-containing 2.36, or the sixteen-
membered macrolactam 2.37, possibly due to some degree of catalyst deactivation (entries 12 
and 16, Table 2.3). Another natural product, seventeen-membered musk-odored ambrettolide31 is 
prepared by Z-selective macrocyclic RCM (entries 17–20, Table 2.3). Both Mo- and W-based 
catalysts lead to the efficient formation of Z ambrettolide (2.38) in good selectivity (>88% Z, 
entries 19 and 20, Table 2.3), especially compared with processes catalyzed by the more 
traditional Grubbs or Schrock catalyst (<24% Z, entries 17 and 18, Table 2.3). 
 
2.4	  Z-­‐Selective	  Macrocyclic	  RCM	  en	  route	  to	  Epothilone	  C	  
The next objective of our studies is to examine the catalytic RCM reaction that has served 
as precursors to biologically important macrolactone epothilone C (2.4, Table 2.4) and A. As 
discussed in earlier sections, lack of stereoselectivity in the late-stage RCM reactions 
significantly reduce the efficiency of the synthesis; further complicating the matter, as reported 
previously and in our experience, the desired isomer of macrocyclic alkene is virtually 
inseparable from the E isomer. Moreover, it has been demonstrated that olefin geometry of the 
macrolactone impacts the level of biological activity.32 Additionally, obtaining the desired 
macrocyclic alkene precursor is prerequisite because the subsequent functionalization has to 
                                                
(31) Lehmann, J.; Tochtermann, W. Tetrahedron 1999, 55, 2639–2644. 
(32) Altmann, K. H.; Bold, G.; Caravatti, G.; Denni, D.; Florsheimer, A.; Schmidt, A.; Rihs, G.; Wartmann, M. Helv. 
Chim. Acta 2002, 85, 4086–4110. 
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proceed with the desired sense of stereochemical control, for examples, epoxidation to 
epothilone A or cyclopropanation33 to an analog. 
Our major goal is to showcase the practical utility of the catalytic RCM approach by an 
efficient and highly Z-selective RCM leading to epothilones, particularly if performed on a large 
scale and in a practical manner. Such an approach would represent notable implications 
regarding the efficiency with which macrocyclic natural products and their corresponding 
analogues, including those not accessible through fermentation procedures, can be accessed. 
Furthermore, the epothilone precursor is significantly more functionalized than the simpler 
substrates, thus its conformational availability is more limited than those studied earlier. 
Accordingly, we set out to establish whether the requirements for stereoselective epothilone 
RCM are distinct from those that influence cyclizations furnishing the less substituted 
macrocycles. 
                                                
(33) Johnson, J.; Kim, S.; Bifano, M.; Dimarco, J.; Fairchild, C.; Gougoutas, J.; Lee, F.; Long, B.; Tokarski, J.; Vite, 
G. Org. Lett. 2000, 2, 1537–1540. 
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entry Z:Eccomplex; loadingb conv (%);c yield (%)dtime (h); temp (°C)
1
2
3
4
5
6
7
8
9
HG-II; 5.0 mol %
2.24; 10 mol %
2.25; 10 mol %
2.25; 10 mol %
2.28; 10 mol %
2.26; 10 mol %
2.26; 10 mol %
2.26; 5.0 mol %
2.26; 3.0 mol %
16; 40
3.0; 22
1.5; 22
1.5; 22
2.5; 22
2.5; 22
2.5; 22
2.0; 22
3.0; 22
96; nd
57; nd
87; nd
91; nd
72; nd
77; nd
98; 86
98; 86
97; 63
34:66
64:36
85:15
90:10
79:21
96:4
96:4
96:4
97:3
conditions
ambient; 1.0 mM (C7H8)
ambient; 1.0 mM (C6H6)
ambient; 1.0 mM (C6H6)
1.0 torr; 1.0 mM (C7H8)
ambient; 1.0 mM (C7H8)
ambient; 1.0 mM (C6H6)
1.0 torr; 1.0 mM (C7H8)
1.0 torr; 0.01 M (C7H8)
1.0 torr; 0.05 M (C7H8)
O
O O
Me
N
S
MeHO Me
Me
MeMe
OH
epothilone C (2.4)
HF•pyr
81% yield
thf
Table 2.4: Catalytic RCM for Stereoseletive Total Synthesis of Epothione C a
a Reactions were carried out in benzene or toluene under an atmosphere of nitrogen gas or a vacuum, as noted. b Complexes 2.26 and 
2.28 were prepared before use; Alkylidene 2.24 and 2.25 were synthesized in situ from the corresponding bis-pyrrolide and aryl alcohol. c 
Conversion and Z:E ratios were determined by analysis of 400 MHz 1H NMR spectra of unpurified mixtures; d Yields of purified products.
N
Mo
O Br
TBSO
Br
N Ph
N
Mo
O Br
TBSO
Br
N Ph W
O Br
TBSO
Br
N
N
Cl Cl
W
O
N
t-Bu
N
2.24 2.262.282.25  
As investigated by several research groups, however, the desired Z olefin was formed as 
the minor isomer in most cases of their RCM-based approach.34 The example in entry 1 of Table 
2.4 is illustrative: with 5 mol % Hoveyda-Grubbs 2nd generation catalyst, only 34% Z isomer is 
obtained along with 66% E olefin. Treatment of diene 2.39 with Mo-based 2.24 leads to 57% 
conversion and a reversal of selectivity in favor of the desired Z isomer (64% Z, entry 2, Table 
2.4). Under the same conditions, adamantylimido complex 2.25 gives rise to 85% Z selectivity 
and an improved conversion, presumably as a result of a more accessible metal center and larger 
                                                
(34) (a) Ref 11. For reviews on RCM approaches to epothilones, see: (b) Harris, C. R.; Danishefsky, S. J. J. Org. 
Chem. 1999, 64, 8434–8456. (c) Mulzer, J. J. Monat. Chem. 2000, 131, 205–238. (d) Nicolaou, K. C.; Ritzen, A.; 
Namoto, K. Chem. Commun. 2001, 1523–1535. (e) Rivkin, A.; Cho, Y.; Gabarda, A.; Yoshimura, F.; Danishefsky, 
S. J. J. Nat. Prod. 2004, 67, 139–143. (f) Rivkin, A.; Chou, T.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2005, 44, 
2838–2850. (g) Altmann, K.; Pfeiffer, D.; Arseniyadis, S.; Pratt, B. A.; Nicolaou, K. C. ChemMedChem. 2007, 2, 
396–423. (h) Mulzer, J.; Altmann, K.; Hofle, G.; Müller, R.; Prantz, K. Chimie 2008, 11, 1336–1368. 
  Chapter 2, Page  177 
size differential between the aryloxide and the alkylimido unit (entry 3, Table 2.4). Only a 
limited enhancement of conversion and stereoselectivity is observed under reduced pressure 
(91% conv, 90% Z, entry 4, Table 2.4). When RCM is carried out with tungsten alkylidene 2.28, 
the other optimal catalyst identified in model systems, there is only 79% selectivity of the 
resulting Z macrolactone (entry 5, Table 2.4). Finally, we discover that in the presence of 
tungsten catalyst 2.26, the Z selectivity is further improved to 96% (entry 6, Table 2.4), and 
when RCM is performed under vacuum, reaction proceeds to 86% yield and with only 4% 
contamination of undesired E isomer (entry 7, Table 2.4). As the data in entries 8 and 9 illustrate, 
with the reaction under more concentrated condition, 5 mol % 2.26 is sufficient to deliver 
epothilone C precursor 2.40 in 86% yield and 96% Z; even 3 mol % catalyst can be used to 
deliver the desired product in 63% yield. Lactone 2.40 is subsequently converted to epothilone C 
on silyl ether removal (81% yield); diastereoselective epoxidation of epothilone C affords 
epothilone A. 
The exceptional Z selectivity offered by tungsten alkylidene 2.26, as stated earlier, 
reaffirms the notion that a large size differential between the two ligands generates high kinetic Z 
selectivity as well as possesses desired balance of sufficient reactivity level. Thus, tungsten 
complex bearing a sterically hindered 2,6-di-[2,4,6-(iPr)3]-phenoxy ligand is the most attractive 
choice for macrocyclic RCM of the heavily functionalized dienes such as 2.39. Such unique 
identity of the catalyst can find additional support in low conversion together with high Z 
selectivity obtained for RCM of sparsely functionalized diene substrates, such as 2.21 (Table 2.2): 
the catalyst affords generally low conversion because of its subordinate activity, but the less 
effective complex does not promote post-RCM isomerization or at least to a minimal degree. 
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Schrock:
Mo
N
O
O
CF3F3C
F3C
F3C Ph
10 mol % Catalyst
toluene (1 mM),
1 torr, 22 oC, time
1 min:   11% conv, 70% Z
10 min: 92% conv, 89% yield, 72% Z
30 min: >98% conv, 86% yield, 33% Z
Ru
Oi-Pr
NMesMesN
Cl
Cl
HG-II:
10 min: 10% conv, 30% Z
30 min: 22% conv, 16% yield, 34% Z
O
O O
Me
N
S
MeTBSO Me
Me
MeMe
O
TBS
O
O O
Me
N
S
MeTBSO Me
Me
MeMe
O
TBS 2.39 2.40
Scheme 2.7: Z Selectivity as a Function of Time in RCM Promoted by Schrock's Catalyst
 
Considering the fact that Z to E olefin interconversion plays an important role in 
determining the stereochemical purity of a macrocyclic product, we next examined the extent of 
the influence of such process. We first probed the RCM performed in the presence of Schrock 
catalyst (Scheme 2.7), which was originally disclosed in 1997, delivering 2.40 in 86% yield and 
33% Z selectivity within one hour.11b Based on our aforementioned investigations, we suspect 
that such preference of E olefin partly originates from post-RCM isomerization. To test this 
possibility, we investigated the degree of stereochemical control in the RCM of 2.39 as a 
function of time. These studies allowed us to discover that, as shown in Scheme 2.7, RCM 
proceeds to 92% conversion and an isomeric mixture of 2.40 is isolated in 89% yield and 72:28 
Z:E ratio within only ten minutes. Our observation is much superior to the 33% Z reported 
previously for the same reaction being performed for the duration of one hour. These findings 
indicate the importance of the need for careful determination of the optimal catalyst loading and 
reaction time when performing RCM reactions that generate disubstituted macrocyclic alkenes. 
It is noteworthy that the reduced size differential between the arylimido and hexa-fluoro-
tert-butoxide ligands within Schrock catalyst is capable of delivering relatively moderate Z 
selectivity. The higher reactivity of the Mo bis-alkoxide, compared to a MAP complex, such as 
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2.26, however, represents a more efficient post-RCM isomerization, providing a more facile 
erosion of kinetic Z selectivity. Though no detectable difference in Z selectivity is observed 
during the first ten minutes, substantial Z to E isomerization occurs within 30 minutes (72% Z to 
33% Z, Scheme 2.7). In sharp contrast, in the Ru-catalyzed transformation with HG-II, the E 
isomer of 2.40 is favored at the beginning, suggesting there is no such catalyst control favoring 
the formation of the Z olefin. 
We then turned to a more detailed analysis of post-RCM isomerization in transformations 
in the presence of Mo-based complex 2.25 and W-based complex 2.26. Because of the relatively 
high Z selectivity obtained with the two complexes (>85% Z), we decided to investigate the 
extent of loss of Z selectivity that could occur upon re-subjection of Z-2.40 (92% stereoisomeric 
purity) to a reaction containing the activated forms of catalyst 2.25 and 2.26. As illustrated in 
Scheme 2.8, Mo alkylidene 2.25 is first treated with diallyl ether to generate methylidene 
complex 2.41. Subsequent in vacuo removal of the volatiles, including the residual diallyl ether 
and ethylene generated during the aforementioned process, is followed by the addition of excess 
2.40 (ten equivalents, corresponding to 10 mol % catalyst loading). Macrocyclic alkene 2.40 is 
recovered as an 81:19 mixture of Z and E isomer after 90 minutes (vs the initial 92:8 ratio). On 
the other side, when tungsten complex 2.26 is employed under the identical procedure, no 
detectable loss of olefin stereoisomeric purity is observed. Such experiments clearly suggest, 
though some loss of Z selectivity can take place in the course of RCM when Mo complex 2.25 is 
used, the methylidene derived from W-based catalyst shows exceptional chemoselectivity in 
favor of the terminal alkenes of 2.39 versus the disubstituted alkenes of 2.40. The trace amount 
of E olefin of macrolactone 2.40, generated in the RCM with W-based catalyst 2.26, is probably 
the result of a lack of perfection in kinetic selectivity. 
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Scheme 2.8: Catalyst-Induced Post-RCM Isomerization of Epothilone C Precursor 2.40 with a Mo- or W-based Complex
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The same as other tungsten MAP complexes, dichorophenylimido complex 2.26 is 
sufficiently stable that it can be weighed and handled in open air, which allows us to perform 
RCM reaction with requisite apparatus in a typical fume hood without the need for strict 
exclusion of air and moisture. To challenge the practical aspects of the W-catalyzed protocol, we 
decided to establish a robust procedure for an efficient and stereoselective RCM of diene 2.39 on 
a gram-scale with tungsten complex 2.26. The reliability of the catalytic protocol would be 
convincingly illustrated if the RCM reaction could be conducted with such complicated starting 
material prepared by a relatively long sequence (16 steps to 2.39). To accomplish this task, 
however, a revision of the originally reported procedure to epothilone C precursor (diene 2.39) is 
necessary; otherwise, access to such sufficient quantities of 2.39 would be too costly and labor 
intensive. 
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Scheme 2.9: Modification of the Synthetic Route En Route to Epothilone C Precursor 2.39
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A modified synthesis scheme has been accordingly developed, allowing us to secure 
nearly 12 grams of diene substrate (Scheme 2.9). In our previous route, aldol addition involving 
carboxylic acid-containing ketone 2.45 only provides 2.47 in 60:40 diastereoselectivity, as well 
as requiring the use of 1.8 equivalents of valuable chiral aldehyde 2.46,35 prepared in four 
chemical transformations.11a To address this problem, the carboxylic acid unit is substituted with 
a TES ether in ketone 2.49;36 only 0.9 equivalents of aldehyde 2.46 is sufficient to secure the 
subsequent aldol reaction, leading to the formation of 2.50 in 96:4 diastereoselectivity. Another 
                                                
(35) Schinzer, D.; Bauer, A.; Bohm, O. M.; Limberg, A.; Cordes, M. Chem. Eur. J. 1999, 5, 2483–2491. 
(36) Storer, R. I.; Takemoto, T.; Jackson, P. S.; Brown, D. S.; Baxendale, I. R.; Ley, S. V. Chem. Eur. J. 2004, 10, 
2529–2547. 
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notable attribute of the revised route is that smaller numbers of purifications through silica gel 
chromatography are required: four chromatography separations are necessary in our previous 
approach to ketone 2.45; only one chromatography is required for the access of 2.49. 
Additionally, 1.1 equivalents of chiral thiazole-containing alcohol 2.4837 are needed for our 
current route, more economical than the 3 equivalents of requisite alcohol in previous approach. 
With huge quantities of 2.39 in hand, we subsequently determine that in the presence of 6.5 
mol % W catalyst 2.26, gram-scale RCM proceeded to 95% conversion, affording macrocyclic 
alkene 2.40 in 83% yield and 95% Z selectivity. 
 
2.5	  Z–Selective	  Macrocyclic	  RCM	  en	  route	  to	  Nakadomarin	  A	  
2.5.a	  Previous	  Approaches	  to	  (–)-­‐Nakadomarin	  A:	  Alkene	  and	  Alkyne	  RCM 
The final stage of our studies corresponds to the formation of two cyclic olefin moieties, 
a macrocyclic and a cyclooctenyl structure, en route to stereoselective total synthesis of 
nakadomarin A. (–)-Nakadomarin A, a marine alkaloid of the manzamine family, was isolated 
from the sea sponge Amphimedon sp. in Okinawa.12 It exhibits cytotoxic activity against murine 
lymphoma (L1210) with an IC50 value of 1.3 µg/mL, as well as inhibition of cyclin dependent 
kinase 4 (IC50 = 9.9 µg/mL). It also shows antimicrobial activity against the fungus Trichophyton 
mentagrophytes (MIC = 23 µg/mL) and Gram-positive bacterium Corynebacterium xerosis 
(MIC = 11 µg/mL). Nakadomarin A possesses an 8/5/5/5/15/6 hexacyclic ring system and four 
stereogenic centers, including a quaternary one. 
                                                
(37) Zhan, W.; Jiang, Y.; Brodie, P. J.; Kingston, D. G.; Liotta, D. C.; Snyder, J. P. Org. Lett. 2008, 10, 1065–1068. 
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Because of the biological activities and challenging structure of nakadomarin A, synthetic 
chemists made numerous efforts to access the alkaloid by chemical synthesis. Most of their 
approaches utilized alkene RCM to prepare the macrocyclic ring of nakadomarin A, albeit with 
relatively low efficiency (15–30 mol % Ru-based catalyst) and minimal or no stereoselectivity 
(~1:2–2:1 Z:E).38 The first total synthesis of the target molecule was achieved by Nishida and co-
workers in 2004 (Scheme 2.10).38b Chiral lactam 2.51, prepared in ten steps from L-serine, was 
converted to triene 2.52 in 24 linear steps. Macrocyclic RCM with 20 mol % Grubbs 1st 
generation catalyst delivered a mixture of olefin stereoisomers (Z:E = 36:64), from which Z-2.53 
was isolated in 26% yield; reduction of bislactam with Red-Al resulted in the formation of 
nakadomarin A. Another RCM-based approach to its antipode, (+)-nakadomarin A, was reported 
by Kerr’s group in 2007.38c Furan-containing 1,2-oxazine 2.54, available in seven steps from D-
mannitol, was transformed to triene 2.55 in 19 linear steps. Treatment of 2.55 with 40 mol % 
Grubbs 1st generation catalyst afforded macrocycle 2.56 in 66% yield as a mixture of olefin 
stereoisomers (Z:E = 3:5); subsequent reduction gave (+)-nakadomarin as a mixture of two olefin 
stereoisomers. Unfortunately, the Z and E olefin isomers of both lactam 2.56 and diamine 2.5 
could not be separated under flash column chromatography or HPLC conditions. 
                                                
(38) (a) Nagata, T.; Nakagawa, M.; Nishida, A. J. Am. Chem. Soc. 2003, 125, 7484–7485. (b) Ono, K.; Nakagawa, 
M.; Nishida, A. Angew. Chem., Int. Ed. 2004, 43, 2020–2023. (c) Young, I. S.; Kerr, M. A. J. Am. Chem. Soc. 2007, 
129, 1465–1469. (d) Jakubec, P.; Cockfield, D. M.; Dixon, D. J. J. Am. Chem. Soc. 2009, 131, 16632–16633. (e) 
Cheng, B.; Wu, F.; Yang, X.; Zhou, Y.; Wan, X.; Zhai, H. Chem. Eur. J. 2011, 17, 12569–12572. 
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Due to the ineffective stereochemical control in the macrocyclic ring formation, as with 
epilachnene and epothilone C, synthetic routes using alkyne RCM/hydrogenation sequence have 
been studied (Scheme 2.11).39 In 2010, Funk’s group demonstrated that the macrocyclic alkene 
of nakadomarin A could be accessed through alkyne RCM.39a Methyl-substituted alkyne 
substrate 2.57 was prepared in 12 linear steps from D-pyroglutamic acid, which was then 
subjected to several different alkyne RCM systems. Schrock alkylidyne complex 2.32 in 
chlorobenzene, as well as the molybdenum nitride complex 2.58 was proved effective in this 
cyclization. After another 6 steps, alkyne RCM product 2.59 was converted to triene 2.60. The 
use of 100 mol % Grubbs 1st generation catalyst was required for the cyclooctene ring formation; 
reduction of bis-lactam afforded nakadomarin A in 58% yield over two steps. More recently, 
Dixon’s group has identified an alkyne RCM-based approach to the alkaloid.36c RCM of diyne-
diamide 2.61 was examined under various reaction conditions and the Mortreux alkyne 
metathesis system [100 mol % Mo(CO)6, p-chlorophenol in reflux toluene] delivered pentacyclic 
                                                
(39) (a) Nilson, M. G.; Funk, R. L. Org. Lett. 2010, 12, 4912–4915. (b) Kyle, A. F.; Jakubec, P.; Cockfield, D. M.; 
Cleator, E.; Skidmore, J.; Dixon, D. J. Chem. Commun. 2011, 47, 10037–10039. (c) Jakubec, P.; Kyle, A. F.; Calleja, 
J.; Dixon, D. J. Tetrahedron Lett. 2011, 52, 6094–6097. 
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structure 2.62 in 36% yield. Subsequent three steps led to the formation of nakadomarin A in 
20% yield. Attempts to perform alkyne RCM of the possibly more strained pentacyclic 
intermediate 2.63 that contains two Lewis basic tertiary amines, with either one equivalent of 
Mo- or W-based alkylidynes 2.32 or 2.58, including the more recently developed variations, 
were unable to promote the formation of nakadomarin A.36c The strong resistance of the diyne in 
regards to cyclization illustrates the sensitivity of alkyne metathesis catalysts towards basic 
functionalities as well as the higher level of ring stain associated with cycloalkyne than the 
corresponding cycloalkene. 
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2.5.b	  Z-­‐Selective	  Macrocyclic	  RCM	  Approaches	  to	  (–)-­‐Nakadomarin	  A 
Because of the aforementioned difficulties among the alkyne RCM approaches to 
nakadomarin A, as well as those discussed in the cases of epilachnene and epothilone C, study of 
olefin metathesis-based strategies towards nakadomarin A offers a distinct advantage. The 
relatively low stereoselectivities gained from previous RCM studies broach the question as to 
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whether it can be addressed through the use of our Mo- or W-based MAP complexes. In 
collaboration with Dixon’s research group, we planned to prepare the fifteen-membered ring 
through RCM followed by the construction of the aza-cyclooctene moiety. Thereby the 
polycyclic structure of nakadomarin A provides the opportunity for investigations of whether the 
eight-membered ring can be generated through RCM in the presence of the relatively sensitive 
macrocycle and without significant diminution of the stereochemical purity of the macrocyclic 
alkene. Such investigations would allow us to establish if the MAP complexes can be involved in 
stereoselective formation of polycyclic compounds and the presence of one or more macrocyclic 
Z alkenes can be tolerated while additional rings are being formed. 
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As depicted in Scheme 2.12, synthesis of tetracyclic diene substrate 2.74 begins with a 
diastereoselective formation of nitro ester 2.67 through a Michael addition of furanyl nitro olefin 
2.64 (available in four steps) with chiral nucleophile 2.65, catalyzed by a bi-functional 
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organocatalyst.38d A three-component nitro-Mannich/lactamization cascade reaction with 5-
hexen-1-amine and formaldehyde in reflux methanol affords 2.68. Reductive removal of the nitro 
group is achieved with AIBN and tributyltin hydride.40 To access the tetracyclic structure of the 
alkaloid through an N-acyliminium cyclization, switching of the protecting group is required: 
acid-catalyzed methanolysis followed by an exhaustive Boc protection delivers 2.71 in two steps. 
Selective delivery of one hydride to 2.71 by superhydride, leads to the formation of hemiaminal 
2.72. Acylation followed by the treatment with (+)-camphorsulfonic acid furnishes a highly 
diastereoselective iminium cyclization to give tetracyclic diene 2.74. 
2.75
N
O
NBoc
H
O
!"#"$%#&!'()*
entry Z:Eccomplex; loadingb conv (%);c yield (%)dtime (h); temp (°C)
1
2
3
4
5
6
7
8
9
10
G-II; 10 mol %
HG-II; 10 mol %
2.24; 5 mol %
2.25; 10 mol %
2.25; 5 mol %
2.28; 5 mol %
2.26; 5 mol %
2.26;  2 mol %
2.26; 5 mol %
2.26;  5 mol %
2.0; 40
4.0; 40
2.0; 22
2.0; 22
0.5; 22
2.0; 22
2.0; 22
6.0; 22
0.5; 22
2.0; 22
98; 70
98; 66
80; 66
95; 71
45; nd
98; 69
98; 90
90; 75
>98; 39
95; 52
38:62
36:64
55:45
69:31
72:28
55:45
97:3
97:3
90:10
94:6
conditions
ambient; 5 mM (CH2Cl2)
ambient; 5 mM (C7H8)
7 torr; 5 mM (C7H8)
7 torr; 5 mM (C7H8)
7 torr; 5 mM (C7H8)
7 torr; 5 mM (C7H8)
7 torr; 5 mM (C7H8)
7 torr; 5 mM (C7H8)
7 torr; 100 mM (C7H8)
ambient; 100 mM (C7H8)
Table 2.5: Catalytic RCM for Stereoseletive Total Synthesis of Nakadomain A a
a Reactions were carried out in benzene or toluene under an atmosphere of nitrogen gas or a vacuum, as noted. b Complexes 2.26 and 
2.28 were prepared before use; Alkylidene 2.24 and 2.25 were synthesized in situ from the corresponding bis-pyrrolide and aryl alcohol. c 
Conversion and Z:E ratios were determined by analysis of 400 MHz 1H NMR spectra of unpurified mixtures; d Yields of purified products.
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(40) (a) Ono, N.; Miyake, H.; Tamura, R.; Kaji, A. Tetrahedron Lett. 1981, 22,1705–1707. (b) Tormo, J.; Hays, D. 
S.; Fu, G. C. J. Org. Chem. 1998, 63, 5296–5307.  
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With sufficient amount of 2.74 in hand, we then examined the macrocyclic RCM 
reactions to form the fifteen-membered ring (Table 2.5). As indicated by the data in entries 1 and 
2 of Table 2.5, both Ru-based catalysts readily convert 2.74 to macrocycle 2.75 with reasonable 
efficiency, but favoring the undesired E isomer (62% and 64% E selectivity, respectively). Mo-
based MAP complexes, such as 2.24 and 2.25, affords the formation of macrocycle 2.75 but with 
only 55% and 69% Z selectivity, respectively (entries 3 and 4, Table 2.5). By stopping the 
reaction at an earlier time point, when RCM proceeds to 45% conversion, the Z olefin of 2.75 is 
formed in only 72% stereoselectivity, suggesting a relatively lower kinetic selectivity provided 
by the catalyst (entry 5, Table 2.5). Similarly, reaction with tungsten complex 2.28 shows no 
significant selectivity (55% Z, entry 6, Table 2.5). In contrast, the sterically more demanding 
tungsten alkylidene 2.26, on the other hand, again occurs as the source of a facile and uniquely 
stereoselective catalyst, delivering the desired pentacycle 2.75 in 90% yield and with 97% Z 
selectivity (entry 7, Table 2.5). When the catalyst loading is reduced to 2 mol %, Z-2.75 is still 
obtained in 75% yield and with the same stereoselectivity (entry 8, Table 2.5).  
Surprisingly, under conditions routinely used for typical chemical transformations (0.1 M 
vs high dilution required for RCM, entries 9 and 10, Table 2.5), RCM furnishes 2.75 in 52% 
yield and 94% Z selectivity. Reduced pressure is no longer necessary when cyclization is 
performed at 0.1 M concentration. Otherwise, the desired macrocycle is obtained in a lower yield 
and selectivity (39% yield and 90% Z under 7 torr vaccum, entry 9, Table 2.5). Because homo-
dimerization of diene 2.74 probably becomes predominant reaction pathway at a higher 
concentration, highly reactive methylidene complex, raised by ethylene generated from the 
reaction, converts the homocoupled byproduct to the monomeric diene 2.74, thus may increase 
the yield of desired ring closure. The slightly lower Z selectivity observed under vacuum (90% Z 
  Chapter 2, Page  189 
vs 94% Z, entries 9 and 10, Table 2.5) possibly comes from RCM process involving the 
alkylidene derived from the terminal alkene of the homocoupled byproduct. It is possible that the 
latter pathway to 2.75, involving cyclization onto an internal olefin, can be less Z-selective than 
the RCM process involving two terminal alkenes of diene 2.74. It is consequently as a result of 
several delicate reactivity preferences that Z-selective RCM of diene 2.74 can be achieved 
efficiently with complex 2.26 as the catalyst. 
To further understand the special reactivity profile of complex 2.26, as what we have 
studied in epothilone C RCM, we subjected samples of fifteen-membered macrocycle 2.75 (97% 
Z) to a solution of Mo-based methylidene 2.41 and W-based methylidene 2.42. As in the case of 
Mo complex, substantial loss of Z selectivity is detected within one hour (from 97% Z to 82% Z). 
In the case of tungsten complex, in contrast to the epothilone C precursor, where alkene 
isomerization is undetected (cf. Scheme 2.8), tungsten methylidene complex leads to a slight 
erosion of Z:E ratio (from 97:3 to 93:7). It is likely that, as a result of diminished steric hindrance 
and a higher degree of angle strain of pentacyclic structure of 2.75, a stronger preference towards 
ring-opening/ring-closing process might exist, lowering the stereochemical purity of Z olefin. 
Considering that the reaction time is at least two hours (entry 7, Table 2.5), it is possible that 
some part of 3% E olefin generated from RCM is the result of post-RCM isomerization, rather 
than any imperfection in kinetic selectivity. The above scenarios emphasize the unique 
challenges associated with an efficient and highly Z-selective RCM route to the polycyclic 
compounds. 
2.5.c	   Synthesis	   of	   the	   Cyclooctene	   Ring	   of	   Nakadomarin	   A	   through	   Catalytic	  
RCM:	  Efficiency	  and	  Impact	  on	  Macrocyclic	  Alkene	  Stereochemistry	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As mentioned earlier, an intricate RCM reaction leading to nakadomarin A involves 
conversion of pentacyclic amide 2.75 to the alkaloid, which requires the construction of an eight-
membered ring by RCM in the presence of 15-membered Z macrocyclic alkene. As shown in 
Scheme 2.13, treatment of 2.75 with TFA removes both Boc protecting groups to form amino 
alcohol 2.76 in 95% yield.39b A selective acylation of the pyrrolidine nitrogen atom leads to the 
formation of amide 2.77 in 84% yield. IBX oxidation of the primary alcohol followed by a 
Wittig olefination installs the vinyl group of triene 2.78, which is subjected to olefin metathesis 
conditions to construct the eight-membered ring. The resulting hexacyclic compound would 
subsequently be converted to the target molecule through reduction of the amide. The same as 
Funk’s observation,39a the use of 100 mol % Grubbs 1st generation catalyst is required for the 
cyclooctene ring formation, however, the stereochemical purity of Z macrocyclic alkene is 
substantially diminished to 72%. To avoid significant olefin isomerization, several Mo- and W-
based complexes are examined for the medium ring RCM. Tungsten alkylidene 2.26, believed 
ineffective to react with internal Z olefin of 2.75, only delivers a trace amount of ring closure 
with 30 mol % catalyst. When more reactive Mo-based MAP complex 2.24 is employed, RCM 
occurs without loss of stereochemistry; nevertheless, a large portion of starting material 
remained unreacted, hence, 32% yield of 2.79 is obtained. A similar result is observed with 30 
mol % Schrock catalyst, furnishing the desired product with minor loss of stereochemistry of the 
macrocycle (39% yield and 90% Z). 
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Several possible reasons account for the comparative lack of efficiency in catalytic RCM 
for the construction of the eight-membered ring of 2.79. We believe the significantly more 
strained structure of the desired hexacyclic system associated with two rigidifying amide groups 
is responsible for such dissatisfaction. The sterically hindered vinyl group, which has a 
substituent at its allylic site, can discourage facile ring formation as well. Furthermore, the 
intermediates required for RCM, alkylidenes derived from the initial reaction at the either of the 
two terminal alkenes, might be partially deactivated due to the intramolecular chelation with a 
neighboring Lewis basic amide carbonyl group.41 
                                                
(41) For an example and spectroscopic examination of catalyst deactivation by a resident Lewis basic functional 
group in an metathesis reaction, see: Sattely, E. S.; Gortez, G. A.; Moebius, D. C.; Schrock, R. R.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2005, 127, 8526–8533. 
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Table 2.6: Synthesis of Eight-Membered Ring of Nakadomarin A by Catalytic RCM of a Diamine Precursor a
2.78 (-)-nakadomarin A (2.5)
N
O
N
H
entry Z:Eccomplex; loadingb conv (%);c yield (%)dtime (h); temp (°C)
1
2
3
4
5
   G-I;     40 mol %
Schrock;10 mol %
   2.25;    10 mol %
   2.28;    10 mol %
   2.26;     5 mol %
8; 40
6; 22
6; 22
6; 22
6; 22
>95; 66
>95; 32
>95; 38
>95; 43
85; 56
93:7
55:45
85:15
82:18
91:9
conditions
ambient; 0.2 mM (CH2Cl2)
   1 torr;   5 mM (C7H8)
   1 torr;   5 mM (C7H8)
   1 torr;   5 mM (C7H8)
   1 torr;  5 mM (C7H8)
a Reactions were carried out in CH2Cl2 or toluene under an atmosphere of nitrogen gas or a vacuum, as noted; 3 equivalents (+)-
camphorsulfonic acid was added in Ru-catalyzed RCM. b Complexes 2.26 and 2.28 were prepared before use; alkylidene 2.25 was 
synthesized in situ from the corresponding bis-pyrrolide and aryl alcohol. c Conversion and Z:E ratios were determined by analysis of 400 
MHz 1H NMR spectra of unpurified mixtures. d Yields of purified products.
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Based on the aforementioned impediments, diamine intermediate 2.80 is synthesized by 
reduction of diamide 2.79.39b Reaction with DIBAL–H in Et2O delivers the product in the best 
yield (75%, Table 2.6), while more by-products are formed with other solvents or other reducing 
agents. Next we examine the possibility of converting 2.80 to nakadomarin A through catalytic 
RCM (Table 2.6). As shown in entry 1 of Table 2.6, transformation of pentacyclic diamine 2.80 
to nakadomarin A demands the presence of 40 mol % Grubbs 1st generation catalyst and eight 
hours of reactions time. Additionally, significant more dilute conditions (0.2 mM vs. 5 mM) and 
three equivalents of camphorsulfonic acid are required for complete conversion and preservation 
of Z selectivity. It is worthy of note that, in spite of the fact that formation of the eight-membered 
ring in most of the previously reported routes is conducted in the absence of the rigidifying 
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macrocyclic alkene, 20–100 mol % Ru-based carbene is typically required for achieving a 
reasonable efficiency.  
Unlike the less reactive Ru-based complex, the presence of 10 mol % Schrock catalyst 
again give rise to complete erosion of Z selectivity of the macrocycle (55% Z, entry 2, Table 2.6). 
With the sterically more demanding Mo alkylidene 2.25 or tungstacyclobutane 2.28, triene 2.80 
is consumed at the same rate, but formation of the eight-membered ring is accompanied by a less 
diminution in Z:E ratio of the macrocycle (85:15 Z:E, entry 3; 82:18 Z:E, entry 4, Table 2.6). 
Formation of a considerable amount of unidentified by-products that likely arise from 
oligomerization of the terminal alkenes or those generated by ring-opening of the macrocyclic 
moiety explains the discrepancy between conversion and yield. Considering the outcome of the 
post-RCM isomerization, it appears that in the presence of W-based MAP complex 2.26, 
formation of the eight-membered ring proceeds with the least degree of loss in Z selectivity of 
macrocyclic alkene. Specifically, as shown in entry 5, with 5 mol % 2.26, nakadomarin A is 
obtained in 56% yield (64% based on the 12% recovered substrate 2.80), and with 91% Z 
remaining for the larger ring olefin. In this case, 10 mol % catalyst induces higher degree of 
olefin isomerization of the macrocycle; thus, with lower catalyst loading, a better balance 
between efficiency and preservation of kinetic selectivity is achieved. 
2.5.d	  Stereoselective	  Synthesis	  of	  (–)-­‐Nakadomarin	  A	  by	  a	  Late-­‐Stage	  Z-­‐Selective	  
Macrocyclic	  RCM 
Though the Z selectivity gained from an earlier point can be almost completely preserved 
at the second RCM, accomplishing a stereoselective total synthesis of nakadomarin A by a late-
stage RCM represents a better approach. Such a plan, however, can present additional challenges 
  Chapter 2, Page  194 
due to the more complicated substrate structure, and a non-selective RCM would translate to loss 
of a more advanced intermediate. The possibly higher ring strain within the hexacyclic 
compound could not only discourage ring closure, but lower the barrier to the isomerization of 
macrocyclic alkene as well (compared to the RCM of 2.74). Accordingly, as shown in Scheme 
2.14, previous attempts at converting diamine 2.82, prepared from 2.81 in eleven steps, to 
nakadomarin A involved the less reactive Grubbs 1st generation catalyst, minimizing post-RCM 
isomerization. Use of such a reluctant catalyst, which must be introduced slowly, results in the 
requirement of high catalyst loading and elevated temperature. Extremely diluted conditions (0.2 
mM) are necessary; otherwise any homocoupled by-products generated under RCM conditions, 
cannot be reverted back to the monomeric substrate or converted directly to macrocyclic product. 
Additionally, three equivalents of camphorsulfonic acid is needed for achieving 63% selectivity, 
otherwise only 36% Z is obtained.38d 
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In sharp contrast, treatment of pentacyclic diamine 2.82 with 5 mol % W-based MAP 
complex 2.26 at room temperature delivers nakadomarin A in 94% Z selectivity and 63% yield 
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(69% based on the 9% recovered substrate 2.82). One additional advantage of W-catalyzed 
reaction versus the Ru-catalyzed protocol is the ease of purification of the crude mixture, 
because catalyst decomposes to its metal oxide species and thereby can be easily filtered by 
silica gel chromatography. Removal of phosphine oxide and ruthenium residual after RCM, 
however, is usually an issue associated with this method; specifically in this case, aqueous 
workup has to be performed to separate diamine compound from the rest of material coming 
from the Ru-based complex. 
 
2.6	  Conclusion 
The power of Mo- and W-based MAP complexes to promote Z-selective macrocyclic 
RCM reaction substantially enhances the effectiveness of this important and commonly 
employed transformation in organic synthesis. Successful applications to the total synthesis of 
epilachnene, epothilone C and nakadomarin A afford a near doubling of the overall efficiency 
with which these natural products can be accessed through an RCM-based approach. Our 
discoveries illustrate that in designing a multistep approach for the preparation of a complex 
molecule, the Mo- and W-based olefin metathesis catalysts can be trusted to result in the desired 
product formation even at the late-stages of the synthesis.  
 An outcome of our studies is the complementarity of both the Mo- and W-based catalysts. 
In the case where the diene substrate contains no or minimal substituent, the highly active Mo-
based catalyst, such as 2.25, is usually required to provide an efficient ring closure. In the case 
where the substrate has a higher degree of preorganization, and in particular where post-RCM 
isomerization can be detrimental, the relatively less active tungsten complex, such as 2.26, might 
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be the better choice. The elucidation of the finely balanced activity furnished by Mo- and W-
based MAP complexes and the significance of catalyst and reaction time for maintaining of 
kinetic selectivity are the two most critical lessons learned in the course of our studies. The 
impact of catalytic Z-selective macrocyclic RCM reactions is not limited to the target molecules 
examined in this study; a number of other complex and biologically active natural products can 
be constructed more efficiently by the catalysts and strategies detailed above.42 
 
2.7	  Experimental 
General: Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR Mode) 
spectrometer, νmax in cm-1. Bands were characterized as broad (br), strong (s), medium (m), or 
weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 MHz) 
spectrometer. Chemical shifts were reported in ppm from tetramethylsilane with the solvent 
resonance resulting from incomplete deuterium incorporation as the internal standard (CDCl3: δ 
7.26 ppm, C6D6: δ 7.16 ppm, CD3OD: δ 3.31 ppm). Data were reported as follows: chemical 
shift, integration, multiplicity (s = singlet, d = doublet, q = quartet, br = broad, m = multiplet), 
and coupling constants (Hz). 13C NMR spectra were recorded on a Varian Unity INOVA 400 
(100 MHz) spectrometer with complete proton decoupling. Chemical shifts were reported in ppm 
from tetramethylsilane with the solvent resonance as the internal standard (CDCl3: δ 77.16 ppm, 
CD3OD: δ 49.00 ppm). High-resolution mass spectrometry was performed on a Micromass LCT 
ESI-MS and JEOL Accu TOF Dart (positive mode) at the Boston College Mass Spectrometry 
                                                
(42) For representative examples where a Z-selective catalyst for macrocyclic RCM would significantly improve the 
overall efficiency of the total synthesis, see: (a) Humphrey, J. M.; Liao, Y.; Ali, A.; Rein, T.; Wong, Y.; Chen, H.; 
Courtney, H. K.; Martin, S. F. J. Am. Chem. Soc. 2002, 124, 8584–8592. (b) Fürstner, A.; Stelzer, F.; Rumbo, A.; 
Krause, H. Chem. Eur. J. 2002, 8, 1856–1871. (c) Ref 13. (d) Ref 14. 
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Facility. Z:E ratios of 2.22, 2.35, 2.36, 2.40, 2.75, 2.79, yuzu lactone (2.34), epilachnene (2.30) 
and nakadomarin A (2.5) were determined by analysis of 1H NMR spectra; Z:E ratios of 2.37 and 
ambrettolide (2.38) were determined by analysis of 13C NMR spectra. The stereochemical 
identity of the macrocyclic alkenes was established by comparison with reported spectroscopic 
data [2.2222, 2.4011a, 11b, yuzu lactone (2.34)29, ambrettolide (2.38)29, epilachnene (2.30)28]; the 
stereochemical identity of 2.36 was determined by nOe experiments, and that of 2.37 and 2.75 
was established by X-ray crystal structure of the major isomer. Optical rotations were measured 
on a Rudolph Research Analytical Autopol IV Polarimeter. Humidity of the fume hood was 
measured by hygrometer (usually around 75%). 
Unless otherwise noted, all reactions were performed with distilled and degassed solvents 
under an atmosphere of dry N2 in oven- (135 °C) or flame-dried glassware with standard dry box 
or vacuum line techniques. All substrates except for 2.39 were dried by azeotropic distillation 
with C6H6 prior to use in reactions with Mo- and W-based complexes. 
 
Vacuum Pumps: Edwards RV8 two stage rotary vane pump generates a vacuum of 1.0 
torr (glove box) or 0.6 torr (fume hood) at point of connection to the reaction vessel. KNF 
Laboport N840.3FTP diaphragm vacuum pump generates a vacuum of 7.0 torr at point of 
connection to the reaction vessel. 
 
Solvents: Solvents were purged with Ar and purified under a positive pressure of dry Ar 
by a modified Innovative Technologies purification system. Toluene (Doe & Ingalls), 
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dichloromethane (Fisher), benzene (Aldrich) and pentane 43  (J. T. Baker) were passed 
successively through activated copper and alumina columns. Tetrahydrofuran was purified by 
distillation from sodium benzophenone ketyl immediately prior to use. Mesitylene was purified 
by distillation from sodium. N,N-Dimethylformamide (Acros; extra dry with molecular sieves) 
was used as received. All work-up and purification procedures were carried out with reagent 
grade solvents (purchased from Fisher) under bench-top conditions. 
 
Metal-based Complexes: Mo-based bis(alkoxide) Schrock catalyst was prepared 
according to a previously reported procedure44. Mo- and W-based MAP complexes 2.23, 2.246 
and 2.25 were prepared in situ according to published procedures from Mo bis(pyrrolide) 
complexes with chiral alcohol; W-based MAP complex 2.2624 were prepared and purified 
according to previously disclosed procedure. W metallacyclobutane complex 2.28 was prepared 
and purified according to the reported procedure from W alkylidene complex 2.2725. Ru-based 
carbene complexes were obtained from Materia, Inc. and purified by silica gel column 
chromatography or by recrystallization (dichloromethane/pentane) prior to use. Unless otherwise 
noted, all Mo and W complexes were handled under an inert atmosphere of N2 in a dry box. (As 
noted below, in some cases, catalysts can be manipulated and used outside a glove box). 
 
 
                                                
(43) n-Pentane was allowed to stir over a concentrated solution of H2SO4 for three days, washed with water, 
followed by a saturated aqueous solution of NaHCO3, dried over MgSO4, and filtered before use in a solvent 
purification system. 
(44) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O’Regan, M. J. Am. Chem. Soc. 1990, 
112, 3875–3886. 
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Reagents: 
Acetic anhydride was purchased from Aldrich and used as received. 
Azobisisobutyronitrile (AIBN) was purchased from Janssen Chimica and used as received. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from Na into 
activated 4 Å molecular sieves prior to use. 
6-Bromo-1-hexene was purchased from Fluorochem and used as received. 
tert-Butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) was purchased from TCI and 
used as received. 
But-3-en-1-amine was purchased from Alfa Aesar and used as received. 
But-3-en-1-ol was purchased from Aldrich and used as received. 
(+)-Camphorsulfonic acid was purchased from Aldrich and used as received. 
d-Chloroform was purchased from Cambridge Isotope Laboratories and passed through basic 
alumina then stored in activated 4 Å molecular sieves prior to use. 
Dec-9-en-1-ol was purchased from Aldrich and used as received. 
Dec-9-enoic acid was purchased from Aldrich and used as received. 
Diisobutylaluminium hydride (DIBAL-H) was purchased from Strem and used as received. 
Dimethyl sulfoxide (DMSO) was purchased from Acros and distilled over CaH2 and dried over 
4 Å activated molecular sieves prior to use. 
Di-tert-Butyl dicarbonate was purchased from Alfa Aesar and used as received. 
4-(N,N-Dimethylamino)pyridine (DMAP) was purchased from Aldrich and used as received. 
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N,N-Dimethylformamide (DMF) was purchased from Acros and dried over 4 Å activated 
molecular sieves prior to use. 
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was purchased from 
Advanced Chem. Tech. and used as received. 
Formaldehyde (37% solution in water) was purchased from Fisher Scientific and used as 
received. 
Hex-5-enoic acid was purchased from Aldrich and used as received. 
Hydrogen fluoride-pyridine complex was purchased from Aldrich and used as received. 
1-Hydroxy-benzotriazole (HOBT) was purchased from Advanced Chem. Tech. and used as 
received. 
2-Iodoxybenzoic acid (IBX) was purchased from Aldrich and used as received. 
Lithium triethylborohydride (1.0 M solution in THF) was purchased from Aldrich and used 
as received. 
2,6-Lutidine was purchased from Aldrich and distilled over CaH2 prior to use. 
Mesitylene was purchased from Aldrich and distilled over Na prior to use. 
Methanol was purchased from Aldrich and dried over 4 Å activated molecular sieves prior to 
use. 
d4-Methanol was purchased from Cambridge Isotope Laboratories and used as received. 
Methyl triphenylphosphonium bromide was purchased from Alfa Aesar and used as received. 
Oct-7-enoic acid was purchased from Aldrich and used as received. 
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Oxalyl chloride was purchased from Acros and distilled over CaH2 prior to use. 
Potassium tert-butyloxide was purchased from Alfa Aesar and used as received. 
Tributyltin hydride was purchased from Alfa Aesar and used as received. 
Triethylamine was purchased from Aldrich and distilled over CaH2 prior to use. 
Trifluoroacetic acid was purchased from Aldrich and used as received. 
p-Toluenesulfonic acid (pTSA) was purchased from Aldrich and used as received. 
Undec-10-enoic acid was purchased from Aldrich and used as received. 
Undec-10-en-1-amine was purchased from GFS Chemical and used as received. 
 
General procedure for the preparation of Mo complex 2.25: In an N2-filled glove box, 
a 4-mL vial with a magnetic stir bar was charged with Mo bis-pyrrolide complex (8.6 mg, 0.015 
mmol), chiral alcohol (8.5 mg, 0.015 mmol), and C6D6 (760 µL). The vial was tightly capped and 
the mixture was allowed to stir at 22 oC for one hour in the glove-box, at which time it was 
transferred to a screw cap NMR tube by a pipette. The NMR tube was capped and sealed with 
Teflon tape. Note that for in situ-generated complexes, only the diagnostic signals of the α 
carbon of the syn-alkylidenes are shown. 1H NMR (400 MHz, C6D6): δ 12.94 (1H, s), 12.74 (1H, 
s), 12.46 (1H, s), 12.38 (1H, s); dr = 3:1. 
 
Synthesis of Macrocyclic Alkenes by Z-Selective Ring-Closing Metathesis (RCM) 
General procedure for catalytic ring-closing metathesis (RCM) reactions with Mo or 
W-based catalyst: In an N2-filled glove box, an oven-dried 35 mL vial equipped with a 
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magnetic stir bar was charged with the diene substrate. A stock solution of the complex in C6H6 
(or toluene), prepared as mentioned above, was added to the solution of substrate (0.005 M in 
toluene) by syringe. The resulting mixture was allowed to stir for two to three minutes to allow 
complete initiation of the catalyst. The vial was capped with a septum fitted with two 20-gauge 
needles and connected to a seven torr vacuum generated from a diaphragm vacuum pump. The 
resulting solution was allowed to stir for the required period of time under vacuum; toluene was 
added a few times to maintain the appropriate concentration. The reaction was then quenched by 
exposure of the solution to air and concentrated in vacuo (percent conversion determined by 400 
MHz 1H NMR analysis).  Purification was performed by silica gel chromatography. 
 
Representative procedure for the preparation of the ester-containing diene 
substrates: A 100 mL round-bottom flask equipped with a magnetic stir bar was charged with a 
carboxylic acid and an alcohol. The mixture was dissolved in dichloromethane and allowed to 
stir at 22 oC; 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (1.1 equivalents) 
and 4-(N,N- dimethylamino)pyridine (0.1 equivalent) were added. The solution was allowed to 
stir for 12 hours. The reaction was quenched by the addition of brine; layers were partitioned and 
the aqueous layer was washed twice with dichloromethane. The combined organic layers were 
dried with Na2SO4 and concentrated in vacuo. The resulting yellow oil was purified by silica gel 
chromatography to give colorless oil. 
 
Representative procedure for the preparation of the amide-containing diene 
substrates: A 100 mL round-bottom flask equipped with a magnetic stir bar was charged with a 
carboxylic acid and an amine. The mixture was dissolved in dichloromethane and allowed to stir 
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at 22 °C; N,N-diisopropylethylamine (two equivalents), 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (1.1 equivalents) and  1H-benzotriazole-1-ol (1.1 equivalents) were 
added. The solution was allowed to stir for 12 hours. The reaction was quenched by the addition 
of brine; layers were partitioned and the aqueous layer was washed twice with dichloromethane. 
The combined organic layers were dried with Na2SO4 and concentrated in vacuo. The resulting 
yellow oil was purified by silica gel chromatography to give a white solid. 
 
But-3-en-1-yl dec-9-enoate (precursor to yuzu lactone). Following 
the general procedure, the requisite diene was prepared from dec-9-enoic acid 
(460 mg, 2.67 mmol) and but-3-en-1-ol (193 mg, 2.67 mmol). The resulting 
yellow oil was purified by silica gel chromatography (30:1 hexanes: diethyl ether) to afford the 
desired product as colorless oil (540 mg, 2.39 mmol, 89% yield).  IR (neat): 3077 (m), 2927 (s), 
2855 (s), 1737 (s), 1641 (m), 1458 (m), 1418 (m), 1353 (m), 1243 (s), 1170 (s), 1115 (m), 992 (s), 
912 (s), 725 (m), 635 (m); 1H NMR (400 MHz, CDCl3): δ 5.86–5.74 (2H, m), 5.14–4.91 (4H, 
m), 4.12 (2H, t, J = 6.8 Hz), 2.38 (2H, dtd, J = 6.8, 6.8, 1.4 Hz), 2.29 (2H, t, J = 7.6 Hz), 2.06–
2.01 (2H, m), 1.63–1.59 (2H, m), 1.39–1.26 (8H, m); 13C NMR (100 MHz, CDCl3): δ 174.0, 
139.3, 134.2, 117.3, 114.3, 63.4, 34.5, 33.9, 33.3, 29.2, 29.2, 29.1, 29.0, 25.1; HRMS (ESI+) 
[M+H]+ calcd for C14H25O2: 225.1855, found: 225.1855. 
 
N-(But-3-en-1-yl)undec-10-enamide (precursor to 2.35). Following 
the general procedure, the requisite diene was prepared from undec-10-enoic 
acid (800 mg, 4.35 mmol) and but-3-en-1-amine (310 mg, 4.35 mmol). The resulting yellow 
OO
H
N
O
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solid was purified by silica gel chromatography (5:1 hexanes: ethyl acetate) to afford the desired 
product as white solid (860 mg, 3.63 mmol, 83% yield). M.p. 76–78 °C; IR (neat): 3296 (br, s), 
3078 (m), 2925 (s), 2854 (s), 1640 (s), 1548 (s), 1437 (s), 1359 (m), 1271 (m), 1151 (m), 991 (s), 
909 (s), 722 (m), 634 (m); 1H NMR (400 MHz, CDCl3): δ 5.85–5.71 (2H, m), 5.45 (1H, s, br), 
5.12–4.91 (4H, m), 3.33 (2H, dt, J = 6.8, 6.4 Hz), 2.25 (2H, ddd, J = 13.6, 6.8, 0.8 Hz), 2.14 (2H, 
t, J = 7.6 Hz), 2.06–2.00 (2H, m), 1.65–1.57 (2H, m), 1.38–1.24 (10H, m); 13C NMR (100 MHz, 
CDCl3): δ 173.2, 139.3, 135.5, 117.3, 114.3, 38.4, 37.0, 34.0, 33.9, 29.5, 29.4, 29.4, 29.2, 29.0, 
25.9; HRMS (ESI+) [M+H]+ calcd for C15H28NO: 238.2171, found: 238.2167. 
 
N-(Undec-10-en-1-yl)hex-5-enamide (precursor to 2.37) Following 
the general procedure, the requisite diene was prepared from hex-5-enoic acid 
(337 mg, 2.96 mmol) and undec-10-en-1-amine (500 mg, 2.96 mmol). The 
resulting yellow solid was purified by silica gel chromatography (5:1 hexanes: ethyl acetate) to 
afford the desired product as white solid (650 mg, 2.26 mmol, 76% yield). M.p. 82-85 °C; IR 
(neat): 3291 (br, s), 3078 (m), 2924 (s), 2853 (s), 1640 (s), 1550 (s), 1438 (s), 1369 (m), 1257 
(m), 991 (s), 908 (s), 722 (m), 634 (m); 1H NMR (400 MHz, CDCl3): δ 5.86–5.73 (2H, m), 5.39 
(1H, s, br), 5.05–4.91 (4H, m), 3.23 (2H, dt, J =7.2, 6.6 Hz), 2.16 (2H, t, J = 7.4 Hz), 2.12–2.00 
(4H, m), 1.78–1.70 (2H, m), 1.50–1.46 (2H, m), 1.38–1.27 (12H, m); 13C NMR (100 MHz, 
CDCl3): δ 172.8, 139.3, 138.1, 115.4, 114.3, 39.6, 36.2, 33.9, 33.3, 29.8, 29.6, 29.5, 29.4, 29.2, 
29.1, 27.1, 24.9; HRMS (ESI+) [M+H]+ calcd for C17H32NO: 266.2484, found: 266.2491. 
 
O
N
H
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Dec-9-en-1-yl oct-7-enoate (precursor to ambrettolide). Following 
the general procedure, the requisite diene was prepared from oct-7-enoic acid 
(1.30 g, 9.14 mmol) and dec-9-en-1-ol (1.57 g, 10.1 mmol). The resulting 
yellow oil was purified by silica gel chromatography (50:1 hexanes: diethyl ether) to afford the 
desired product as colorless oil (2.24 g, 8.00 mmol, 87% yield).  IR (neat): 3077 (m), 2926 (s), 
2855 (s), 1736 (s), 1641 (m), 1462 (m), 1417 (m), 1351 (m), 1255 (s), 1168 (s), 1113 (m), 1076 
(m), 993 (s), 909 (s), 734 (m), 632 (m); 1H NMR (400 MHz, CDCl3): δ 5.86–5.75 (2H, m), 
5.02–4.91 (4H, m), 4.05 (2H, t, J = 6.8 Hz), 2.29 (2H, t, J = 7.6 Hz), 2.08–2.01 (4H, m), 1.67–
1.59 (4H, m), 1.42–1.27 (14H, m); 13C NMR (100 MHz, CDCl3): δ 174.0, 139.2, 138.9, 114.5, 
114.3, 64.5, 34.4, 33.9, 33.7, 29.5, 29.3, 29.1, 29.0, 28.8, 28.7, 28.6, 26.0, 25.0; HRMS (ESI+) 
[M+H]+ calcd for C18H33O2: 281.2481, found: 281.2475. 
 
(Z)-Oxacyclohexadec-6-en-2-one (2.22). Following the general procedure for Mo-
catalyzed RCM, with 5 mol % of 2.28, diene 2.21 (12.4 mg, 0.0446 mmol) was transformed to 
2.22 with 91% conversion in one hour. The resulting yellow oil was purified by silica gel 
chromatography (50:1 hexanes: diethyl ether) to afford the macrocyclic alkene 2.22 as a 
colorless oil (8.1 mg, 0.034 mmol, 73% yield, Z:E = 91:9).  IR (neat): 3003 (m), 2927 (s), 2856 
(s), 1735 (s), 1459 (m), 1349 (m), 1239 (m), 1206 (m), 1167 (m), 1144 (m), 1045 (m), 715 (m); 
1H NMR (400 MHz, CDCl3): δ 5.40–5.31 (2H, m), 4.15 (2H, dd, J = 5.2, 5.2 Hz), 2.35 (2H, dd, 
J = 6.6, 6.6 Hz), 2.13–2.01 (4H, m), 1.75–1.61 (4H, m), 1.44–1.27 (12H, m); 13C NMR (100 
MHz, CDCl3): δ 174.0, 131.2, 129.0, 64.5, 34.3, 28.0, 27.9, 27.4, 27.0, 26.9, 26.8, 26.6, 26.2, 
25.6, 25.5; HRMS (ESI+) [M+H]+ calcd for C15H27O2: 239.2011, found: 239.2010. 
 
O
O
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(Z)-Oxacyclotridec-10-en-2-one (yuzu lactone). Following the general procedure for 
W-catalyzed RCM, with 5.0 mol % of 2.28, diene (12.5 mg, 0.0558 mmol) was transformed to 
yuzu lactone with 74% conversion in one hour. The resulting yellow oil was purified by silica 
gel chromatography (30:1 hexanes: diethyl ether) to afford the macrocyclic alkene as colorless 
oil (5.0 mg, 0.026 mmol, 46% yield, Z:E = 73:27). The title compound was characterized as Z 
and E mixture: IR (neat): 2927 (s), 2857 (s), 1733 (s), 1448 (s), 1351 (m), 1254 (m), 1231 (m), 
1185 (m), 1146 (m), 1011 (m), 968 (m), 864 (m), 783 (m); 1H NMR (400 MHz, CDCl3): 
δ 5.60–5.31 (2H, m), 4.24 (1.5H, dd, J = 5.2, 5.2 Hz), 4.15 (0.5H, dd, J = 5.4, 5.4 Hz) (diagnostic 
E isomer signal), 2.45–2.28 (4H, m), 2.10 (1.4H, dd, J = 12.4, 5.4 Hz), 2.03 (0.6H, dd, J = 11.6, 
6.8 Hz), 1.71–1.62 (2H, m), 1.53–1.16 (8H, m); 13C NMR (100 MHz, CDCl3): (assigned peaks 
for Z isomer) δ 174.9, 132.4, 127.3, 64.3, 35.5, 29.9, 27.7, 27.4, 26.1, 26.0, 24.7, 23.7; HRMS 
(ESI+) [M+H]+ calcd for C12H21O2: 197.1542, found: 197.1536. 
 
(Z)-Oxacyclotetradec-11-en-2-one (2.35). Following the general procedure for W-
catalyzed RCM, with 5 mol % of 2.28, diene (17.1 mg, 0.0718 mmol) was transformed to 2.35 
with 82% conversion in one hour. The resulting yellow oil was purified by silica gel 
chromatography (50:1 hexanes: diethyl ether) to afford the macrocyclic alkene 2.35 as colorless 
oil (7.9 mg, 0.038 mmol, 54% yield, Z:E = 82:18). The title compound was characterized as Z 
and E mixture: IR (neat): 3006 (m), 2929 (s), 2859 (s), 1733 (s), 1457 (m), 1383 (m), 1284 (s), 
1173 (m), 1142 (m), 1084 (m), 1053 (m), 1003 (m), 716 (m); 1H NMR (400 MHz, CDCl3): 
δ 5.57–5.34 (2H, m), 4.23 (1.7H, dd, J = 5.2, 5.2 Hz), 4.13 (0.3H, dd, J = 5.6, 5.6 Hz) (diagnostic 
E isomer signal), 2.43–2.33 (4H, m), 2.04–2.01 (2H, m), 1.65–1.62 (2H, m), 1.38–1.25 (10H, m); 
13C NMR (100 MHz, CDCl3): (assigned peaks for Z isomer) δ 174.1, 132.5, 127.2, 63.9, 33.5, 
  Chapter 2, Page  207 
27.9, 27.7, 26.3, 26.2, 25.7, 25.6, 25.4, 23.7; HRMS (ESI+) [M+H]+ calcd for C13H23O2: 
211.1698, found: 211.1699. 
 
(Z)-Azacyclotetradec-11-en-2-one (2.36). Following the general procedure for Mo-
catalyzed RCM, with 3 mol % of 2.25, diene (18.7 mg, 0.0789 mmol) was transformed to 2.36 
with 72% conversion in one hour. The resulting yellow oil was purified by silica gel 
chromatography (2:1 hexanes: ethyl acetate) to afford the macrocyclic alkene 2.36 as white solid 
(8.6 mg, 0.041 mmol, 50% yield, Z:E = 95:5). M.p. 104–107 °C; IR (neat): 3285 (br, s), 3070 
(m), 3003 (m), 2924 (s), 2861 (s), 1637 (s), 1549 (s), 1461 (m), 1436 (s), 1362 (m), 1264 (s), 
1180 (m), 1024 (m), 723 (s), 598 (m); 1H NMR (400 MHz, CDCl3): δ 5.65–5.57 (2H, m), 5.33–
5.26 (1H, m), 3.42–3.38 (2H, m), 2.29–2.24 (2H, m), 2.20–2.16 (2H, m), 2.04–1.97 (2H, m), 
1.71–1.65 (2H, m), 1.36–1.29 (10H, m); 13C NMR (100 MHz, CDCl3): δ 172.9, 133.6, 127.2, 
38.4, 35.2, 28.2, 28.1, 26.4, 26.0, 26.0, 25.3, 24.8, 24.4; HRMS (ESI+) [M+H]+ calcd for 
C13H24N1O1: 210.1858, found: 210.1860. For stereochemistry assignment of 2.36, see spectral 
data. 
 
(Z)-5-Propyl-1-oxa-4-azacyclopentadec-10-en-15-one (epilachnene): 
RCM Reaction outside glove box: A 250 mL Airfree® Schlenk flask (with a 24/40 joint, 
lubricated with Krytox® fluorinated grease) fitted with an Airfree® connecting adapter 
(Chemglass® item number AF-0506-03) and a rubber septum was connected to an argon (UHP) 
filled manifold. The apparatus was flame-dried and charged with diene 2.29 (0.100 g, 0.338 
mmol), which was azeotroped with dry benzene three times (freeze-pump). The apparatus was 
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charged with the solid tungsten complex 2.28 (17.9 mg, 0.0169 mmol, 5 mol %, weighed in air), 
evacuated, back-filled with argon and charged with mesitylene (67.6 mL, freshly distilled from 
sodium and transferred through a gas-tight syringe). The valve on the connecting adapter was 
closed to isolate the septum from the reaction vessel. The resulting solution was exposed to 
vacuum (0.02 torr) and allowed to stir for one hour at 22 °C. The reaction was quenched by the 
addition of wet diethyl ether (~1 mL). Purification on SiO2 (hexanes: diethyl ether 2:1 followed 
by diethyl ether: ammonium hydroxide 9:1) afforded epilachnene (73.8 mg, 0.275 mmol, 82% 
yield, 91:9 mixture of Z/E isomers as determined by 400 MHz 1H NMR) as colorless oil along 
with recovered starting material (6.9 mg, 0.0233 mmol, 7%). 
 
RCM Reaction inside glove box: Following the general procedure for Mo-catalyzed 
RCM, with 1.2 mol % 2.25, diene (16.0 mg, 0.0541 mmol) was transformed to epilachnene with 
76% conversion in one hour. The resulting yellow oil was purified by silica gel chromatography 
(17:2:1 hexanes: ethyl acetate: triethyl amine) to afford the macrocyclic alkene as colorless oil 
(10.1 mg, 0.0377 mmol, 70% yield, Z:E = 91:9).  IR (neat): 2953 (s), 2927 (br, s), 2855 (s), 
1736 (s), 1460 (s), 1382 (m), 1239 (m), 1207 (s), 1181 (s), 1050 (m), 1021 (m), 697 (m); 1H 
NMR (400 MHz, CDCl3): δ 5.39 (1H, dt, J = 8.0, 7.2 Hz), 5.30–5.24 (1H, m), 4.37–4.31 (1H, 
m), 3.96 (1H, ddd, J = 11.2, 4.8, 2.4 Hz), 2.98 (1H, ddd, J = 14.4, 8.0, 2.8 Hz), 2.77 (1H, ddd, J 
= 14.0, 6.0, 2.0 Hz), 2.46–2.31 (3H, m), 2.22–2.00 (4H, m), 1.86–1.79 (1H, m), 1.74–1.66 (1H, 
m), 1.49–1.09 (11H, m), 0.90 (3H, t, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3): δ 173.8, 131.5, 
129.6, 63.5, 56.4, 45.8, 38.4, 34.3, 32.3, 29.0, 27.6, 25.9, 25.7, 24.3, 19.3, 14.6; HRMS (ESI+) 
[M+H]+ calcd for C16H30 N1O2: 268.2276, found: 268.2264. 
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(Z)-Azacyclohexadec-6-en-2-one (2.37). Following the general procedure for Mo-
catalyzed RCM, with 3.0 mol % of 2.25, diene (19.0 mg, 0.0717 mmol) was converted to 2.37 
with 81% conversion in one hour. The resulting yellow oil was purified by silica gel 
chromatography (2:1 hexanes: ethyl acetate) to afford the macrocyclic alkene 2.37 as white solid 
(11.7 mg, 0.0485 mmol, 69% yield, Z:E = 93:7). M.p. 108-110 °C; IR (neat): 3295 (br, s), 3082 
(m), 3003 (m), 2926 (s), 2854 (s), 1639 (s), 1554 (s), 1483 (s), 1356 (m), 1270 (m), 1154 (m), 
705 (m); 1H NMR (400 MHz, CDCl3): δ 5.45 (1H, br, s), 5.38–5.30 (2H, m), 3.34 (2H, dt, J = 
6.0, 5.6 Hz), 2.22–2.19 (2H, m), 2.12–2.01 (4H, m), 1.76–1.69 (2H, m), 1.52–1.46 (2H, m), 
1.42–1.26 (12H, m); 13C NMR (100 MHz, CDCl3): δ 173.0, 130.8, 129.1, 39.1, 36.5, 29.1, 27.8, 
27.5, 27.4, 26.7, 26.5, 26.3, 26.0, 25.8, 25.7; HRMS (ESI+) [M+H]+ calcd for C15H28N1O1: 
238.2171, found: 238.2169. The Z:E ratio of 2.37 was determined by integration of 13C NMR 
spectrum (relaxation delay set to 30 seconds), see spectra part. 
 
(Z)-Oxacycloheptadec-8-en-2-one (ambrettolide). Following the general procedure for 
Mo-catalyzed RCM, with 3.0 mol % of 2.25, diene (15.8 mg, 0.0564 mmol) was transformed to 
ambrettolide with 85% conversion in one hour. The resulting yellow oil was purified by silica gel 
chromatography (50:1 hexanes: diethyl ether) to afford the macrocyclic alkene as colorless oil 
(11.7 mg, 0.0464 mmol, 77% yield, Z:E = 91:9).  IR (neat): 3002 (m), 2926 (s), 2855 (s), 1736 
(s), 1460 (s), 1385 (m), 1354 (m), 1256 (s), 1119 (m), 1070 (m), 968 (m), 842 (m), 720 (m), 696 
(m); 1H NMR (400 MHz, CDCl3): δ 5.32 (2H, t, J = 4.6 Hz), 4.13 (2H, t, J = 5.4 Hz), 2.32 (2H, 
t, J = 6.4 Hz), 2.09–2.01 (4H, m), 1.67–1.59 (4H, m), 1.43–1.23 (14H, m); 13C NMR (100 MHz, 
CDCl3): δ 174.1, 130.3, 130.2, 63.8, 34.7, 29.5, 28.9, 28.8, 28.6, 28.6, 28.5, 27.8, 27.1, 26.9, 
25.5, 25.4; HRMS (ESI+) [M+H]+ calcd for C16H29O2: 253.2168, found: 253.2170. The Z:E 
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ratio for ambrettolide was determined by integration of 13C NMR spectrum (relaxation delay set 
to 30 seconds), see spectra part. 
 
Synthesis of Epothilone C: 
(S)-5-((tert-Butyldimethylsilyl)oxy)-4,4-dimethyl-7-((triethylsilyl)oxy)heptan-3-one 
(2.49)  (+)-Diisopinocampheylallylborane in pentane was prepared by the adaptation of the 
original method of Brown45. Allyllmagnesium chloride (156 mL, 0.981 M solution in ether, 
0.153 mol) was added dropwise to a well-stirred solution of (-)-B-
methoxydiisopinocampheylborane [prepared from (–)-diisopinocampheylborane (45.7 g, 0.160 
mol) according to method reported by Brown] in ether (400 mL) at 0 °C. After the completion of 
the addition, the reaction mixture was allowed to stir at 22 oC for one hour and the solvent was 
removed under reduced pressure. The residue was washed with hexanes (3x100 mL) under N2. 
The resulting suspension was transferred by cannulation into another flask through a Kramer 
filter and used without further purification. Aldehyde 2.43 (17.0 g, 0.133 mol) was dissolved in 
anhydrous ether (256 mL), and the solution was allowed to cool to –100 °C. To this mixture was 
added the freshly prepared (+)-diisopinocampheylallylborane by cannulation during 30 minutes. 
After the addition was complete, the mixture was allowed to stir at the same temperature for 30 
minutes. Methanol (25.6 mL) was added at –100 °C, and the mixture allowed to warm to 22 oC. 
To this solution was added a saturated solution of aqueous NaHCO3 (200 mL), followed by H2O2 
(170 mL of 30% aqueous solution), and the mixture was allowed to stir at 22 oC for 14 h. The 
solution was washed with EtOAc (three times), and the combined organic layers were washed 
                                                
(45) Racherla, U. S.; Brown, H. C. J. Org. Chem. 1991, 56, 401–404. 
  Chapter 2, Page  211 
with saturated aqueous NH4Cl solution, dried (MgSO4) and concentrated under reduced pressure 
to afford colorless oil, which was used in the next step without purification. 
The unpurified material from last transformation was dissolved in CH2Cl2 (400 mL), and 
allowed to cool to –78 °C. The resulting solution was treated with 2,6-lutidine (63.3 mL, 543 
mmol) followed by the addition of TBSOTf (114 mL, 498 mmol). The mixture was allowed to 
stir for one hour at –78 °C, quenched with MeOH (20.2 mL). The resulting mixture was allowed 
to warm to 22 oC and washed with a saturated solution of aqueous NH4Cl. The aqueous layer 
was washed with CH2Cl2 (twice) and the combined organic layers were dried (MgSO4). 
Concentration under reduced pressure was followed by trituration with hexanes to remove 
lutidine•HCl salt. The supernatant was filtered through a pad of silica gel, eluting with a mixture 
of hexanes and Et2O (20:1). The combined filtrate was concentrated under reduced pressure to 
afford colorless oil, which was used in the next step without purification. 
The unpurified material from last transformation was dissolved in CH2Cl2 (355 mL), 
allowed to cool to –78 °C and bubbled with ozone until the color of solution changed to blue. 
The solution was then purged with O2 until the blue color disappeared. The mixture was treated 
with Me2S (75.4 mL, 1.01 mol), allowed to warm to 22 oC and stir for seven days. The mixture 
was concentrated under reduced pressure to afford cloudy oil, which was subjected to the 
reduction without purification. The aldehyde was dissolved in CH2Cl2 (800 mL) and EtOH (700 
mL), allowed to cool to –78 °C and treated with NaBH4 powder (10.1 g, 266 mmol). The mixture 
was allowed to stir for two hours at –78 °C and treated with acetaldehyde (60.0 mL), warmed to 
22 °C and washed with a saturated solution of aqueous NaHCO3. The aqueous layer was washed 
with CH2Cl2 (twice) and the combined organic layers were dried (MgSO4). Concentration under 
reduced pressure afforded colorless oil. The unpurified material and imidazole (54.4 g, 799 
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mmol) were dissolved in CH2Cl2 (377 mL) and treated with TESCl (67.1 mL, 400 mmol) at 
22 °C. The mixture was allowed to stir for 14 h, and the reaction was quenched with a saturated 
solution of aqueous NH4Cl. The aqueous layer was washed with CH2Cl2 (twice) and the 
combined organic layers were dried (MgSO4). Concentration under reduced pressure was 
followed by vacuum distillation (0.4 torr, 130 °C) to remove byproduct. The residue from 
distillation was purified by silica gel chromatography (hexanes:Et2O = 100:0 to 100:2) to afford 
2.49 as colorless oil (30.0 g, 74.6 mmol, 56% yield over 5 steps). [α]D20 –8.3 (c 1.67, CH2Cl2); 
IR (neat): 2954 (s), 2935 (m), 2877 (m), 2857 (w), 1706 (s), 1462 (w), 1413 (m), 1387 (m), 
1361 (m), 1252 (s), 1089 (s), 1004 (s), 970 (m), 940 (m), 835 (s), 806 (m), 772 (s), 725 (s), 670 
(m); 1H NMR (400 MHz, CDCl3): δ 4.04 (1H, dd, J = 7.2, 3.2 Hz), 3.67–3.56 (1H, m), 2.61–
2.42 (1H, m), 1.61–1.47 (1H, m), 1.10 (3H, s), 1.05 (3H, s), 1.00 (3H, t, J = 7.2 Hz), 0.95 (9H, t, 
J = 8.0 Hz), 0.88 (9H, s), 0.58 (6H, q, J = 7.6 Hz), 0.09 (3H, s), 0.04 (3H, s); 13C NMR (100 
MHz, CDCl3): δ 215.9, 73.8, 60.3, 53.2, 37.6, 31.8, 26.2, 22.3, 20.2, 18.5, 7.9, 7.0, 4.6, -3.8, -
3.9; HRMS (ESI+) [M+H]+ calcd for C21H47O3Si2: 403.3064, found: 403.3061. 
 
(3S,6R,7S,8S)-3-((tert-Butyldimethylsilyl)oxy)-7-hydroxy-4,4,6,8-tetramethyl-1-
((triethylsilyl)oxy)tridec-12-en-5-one (2.50) A solution of diisopropylamine (1.75 mL, 12.4 
mmol) in THF (12.0 mL) at 0 °C was treated with a solution of n-BuLi in hexanes (1.63 M, 6.93 
mL, 11.3 mmol). The mixture was allowed to cool to –78 °C and a solution of ketone 2.49 (4.31 
g, 10.7 mmol) in THF (12.0 mL, pre-cooled to –78 °C) was added through a cannula. The 
resulting solution was allowed to stir at –78 °C for 60 min, –40 °C for 30 min and re-cool to –
78 °C. A solution of the requisite chiral aldehyde 2.46 (1.21 g, 9.61 mmol) in THF (23.9 mL) 
was introduced through a cannula. The mixture was allowed to stir for 15 min at –78 °C, and the 
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reaction quenched with a solution of acetic acid (1.28 mL) in THF (3.80 mL).  The solution was 
allowed to warm to 22 °C and washed with a saturated solution of aqueous NH4Cl. The aqueous 
layer was washed with Et2O (twice), the organic layers were dried (MgSO4) and concentrated 
under reduced pressure. Purification by silica gel chromatography (hexanes:Et2O = 100:2 to 
100:5) afforded 2.50 as colorless oil (mixture of diastereomers, ratio determined in the 
subsequent step. 3.66 g, 6.64 mmol, 69% yield). IR (neat): 3500 (br), 2955 (s), 2930 (s), 2877 
(s), 2858 (s), 1682 (s), 1640 (m), 1461 (m), 1412 (m), 1387 (m), 1361 (m), 1325 (m), 1253 (m), 
1086 (s), 994 (s), 977 (m), 940 (m), 908 (m), 835 (s), 802 (m), 773 (s), 741 (s), 727 (s), 670 (w), 
510 (w), 451 (w); 1H NMR of major diastereomer (400 MHz, CDCl3): δ 5.87–5.76 (1H, m), 
5.49 (1H, ddd, J = 17.2, 3.6, 1.6 Hz), 4.95–4.90 (1H, m), 3.90 (1H, dd, J = 7.6, 3.2 Hz), 3.70–
3.63 (1H, m), 3.62–3.54 (1H, m), 3.52 (1H, app s), 3.31 (1H, d, J = 9.2 Hz), 3.34–3.24 (1H, m), 
2.13–1.98 (2H, m), 1.83–1.72 (1H, m), 1.68–1.58 (1H, m), 1.58–1.44 (3H, m), 1.37–1.25 (1H, 
m), 1.19 (3H, s), 1.18–0.80 (1H, m), 1.10 (3H, s), 1.03 (3H, d, J = 6.8 Hz), 0.94 (9H, t, J = 8.0 
Hz), 0.90 (9H, s), 0.83 (3H, d, J = 7.2 Hz), 0.58 (6H, q, J = 8.0 Hz), 0.10 (3H, s), 0.08 (3H, s); 
13C NMR of major diastereomer (100 MHz, CDCl3): δ 222.6, 139.3, 114.4, 75.1, 74.2, 60.6, 
54.4, 41.4, 38.2, 35.7, 34.5, 32.7, 26.4, 26.3, 23.2, 20.2, 18.5, 15.6, 9.9, 7.0, 4.6, –3.6, –3.8; 
HRMS (ESI+) [M+Na]+ calcd for C29H60O4NaSi2: 551.3928, found: 551.3932. 
 
(3S,6R,7S,8S)-3,7-bis((tert-butyldimethylsilyl)oxy)-4,4,6,8-tetramethyl-5-oxotridec-
12-enal. A solution of 2.50 (9.04 g, 16.4 mmol) in THF (95.8 mL) at –50 °C was treated with 
2,6-lutidine (2.86 mL, 24.6 mmol) followed by TBSOTf (4.70 mL, 20.5 mmol). The mixture was 
allowed to stir at –50 °C for 30 minutes, after which, the reaction was quenched through addition 
of MeOH (0.660 mL).  The mixture was allowed to warm to 22 °C and washed with a saturated 
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solution of aqueous NH4Cl. The aqueous layer was washed with Et2O (twice) and the combined 
organic layers were dried (MgSO4). Concentration under reduced pressure was followed by 
trituration with hexanes to remove lutidine•HCl salt. The supernatant was filtered through a pad 
of silica gel, eluting with hexanes:Et2O (100:1). The combined filtrate was concentrated under 
reduced pressure to afford colorless oil (9.28 g, 14.4 mmol, 88% yield), which was used in the 
next step without purification. A solution of DMSO (3.88 mL, 54.6 mmol) in CH2Cl2 (27.1 mL) 
at –78 °C was treated with a solution of oxalyl chloride (2.31 mL, 27.3 mmol) in CH2Cl2 (13.6 
mL). A solution of the aforementioned unpurified product (4.01 g, 6.24 mmol) in CH2Cl2 (27.1 
mL, pre-cooled to –78 °C) was introduced through a cannula. The resulting mixture was allowed 
to stir at –78 °C for 20 min, –40 °C for 40 min and re-chilled to –78 °C. To this was introduced 
Et3N (13.0 mL, 93.0 mmol), and the mixture was allowed to warm to 22 °C and slowly added to 
a saturated solution of aqueous NaHCO3 (120 mL) at 0 °C with vigorous stirring. The aqueous 
layer was washed with CH2Cl2 (twice), the combined organic layers were washed with water 
(once), dried (MgSO4) and concentrated under reduced pressure. Purification on silica gel 
chromatography (hexanes:Et2O = 100:1 to 100:5) afforded the title compound as yellow oil 
(mixture of diastereomers, ratio = 22:1, 2.92 g, 5.55 mmol, 89% yield). IR (neat): 2954 (m), 
2929 (m), 2885 (m), 2856 (m), 1711 (m), 1694 (m), 1471 (m), 1462 (m), 1387 (m), 1360 (m), 
1252 (m), 1088 (s), 986 (s), 938 (w), 909 (w), 872 (m), 833 (s), 773 (s), 739 (m), 670 (m); 1H 
NMR of major diastereomer (400 MHz, CDCl3): δ 9.76 (1H, dd, J = 2.8, 1.6 Hz), [diagnostic 
signal for minor diastereomer: 9.81 (0.046H, dd, J = 2.8, 1.6 Hz)], 5.84–5.74 (1H, m), 5.49 (1H, 
ddd, J = 17.2, 3.6, 1.6 Hz), 4.96–4.91 (1H, m), 4.48 (1H, dd, J = 5.2, 4.4 Hz), 3.77 (1H, dd, J = 
7.6, 2.4 Hz), 3.12 (1H, dq, J = 7.2, 7.2 Hz), 2.51 (1H, ABX2, J = 16.8, 4.4, 1.6 Hz), 2.40 (1H, 
ABX2, J = 16.8, 5.2, 2.8 Hz), 2.08–1.97 (2H, m), 1.52–1.28 (3H, m), 1.24 (3H, s), 1.25–1.08 (2H, 
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m), 1.07 (3H, s), 1.03 (3H, d, J = 6.8 Hz), 0.91 (3H, d, J = 6.8 Hz), 0.90 (9H, s), 0.88 (9H, s), 
0.10 (3H, s), 0.06 (3H, s), 0.05 (3H, s), 0.04 (3H, s); 13C NMR of major diastereomer (100 
MHz, CDCl3): δ 218.7, 201.3, 139.0, 114.7, 77.8, 71.5, 53.7, 49.8, 45.4, 37.9, 34.5, 30.5, 27.3, 
26.4, 26.1, 24.3, 18.9, 18.7, 18.3, 17.9, 15.8, –3.4, –3.5, –3.9, –4.3; HRMS (ESI+) [M+Na]+ 
calcd for C29H58O4NaSi2: 549.3766, found: 549.3784. 
 
(3S,6R,7S,8S)-(S,E)-2-Methyl-1-(2-methylthiazol-4-yl)hexa-1,5-dien-3-yl 3,7-
bis((tert-butyldimethylsilyl)oxy)-4,4,6,8-tetramethyl-5-oxotridec-12-enoate (2.39) A solution 
of the aldehyde (5.88 g, 11.2 mmol), NaH2PO4•H2O (2.31 g, 16.7 mmol), 2-methyl-2-butene 
(7.09 mL, 67.0 mmol) in t-BuOH (56.6 mL) and water (10.9 mL) was treated with NaClO2 (3.79 
g, 33.5 mmol) at 22 °C. The mixture was allowed to stir at 22 °C for three hours and then diluted 
with EtOAc and water. The aqueous layer was washed with EtOAc (twice) and the combined 
organic layers with 10% NaH2PO4 (twice), brine (once), dried (MgSO4) and concentrated under 
reduced pressure. A solution of the crude material together with the requisite chiral homoallylic 
alcohol 2.48 (2.57 g, 12.3 mmol) and DMAP (0.136 g, 11.2 mmol) in CH2Cl2 (19.3 mL) at 22 °C 
was subjected to EDCI (2.57 g, 13.4 mmol). The mixture was allowed to stir at 22 °C for 16 
hours. The reaction was quenched with a saturated solution of aqueous NH4Cl and diluted with 
EtOAc. The aqueous layer was extracted with EtOAc (twice), and the combined organic layers 
were dried (Na2SO4) and concentrated under reduced pressure. Purification by silica gel 
chromatography (hexanes:Et2O = 20:1) afforded 2.39 as light yellow oil (7.49 g, 10.2 mmol, 
91% yield). [α]D20 –39.5 (c 3.1, CHCl3), lit.1 [α]D20 –41.2, (c 3.1, CHCl3); IR (neat): 3076 (w), 
2954 (m), 2929 (m), 2886 (m), 2856 (m), 1736 (m), 1696 (m), 1641 (w), 1505 (w), 1471 (m), 
1385 (s), 1292 (w), 1259 (m), 1177 (m), 1084 (m), 988 (s), 939 (m), 912 (m), 873 (m), 835 (s), 
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813 (m), 775 (s), 729 (m), 669 (w), 543 (w), 434 (w); 1H NMR (400 MHz, CDCl3): δ 6.95 (1H, 
s), 6.49 (1H, s), 5.85–5.65 (2H, m), 5.30 (1H, t, J = 6.8 Hz), 5.13–4.91 (4H, m), 4.34 (1H, dd, J 
= 6.0, 3.6 Hz), 3.73 (1H, dd, J = 6.8, 2.4 Hz), 3.15 (1H, dq, J = 14.0, 6.8 Hz), 2.70 (3H, s), 
2.56–2.43 (3H, m), 2.39 (1H, dd, J = 16.8, 6.0 Hz), 2.07 (3H, d, J = 4.0 Hz), 2.05–1.98 (2H, m), 
1.50–1.29 (3H, m), 1.24 (3H, s), 1.19–1.06 (2H, m), 1.06–1.02 (6H, m), 0.89 (3 H, d, J = 6.8 Hz), 
0.89 (9H, s), 0.87 (9H, s), 0.15 (3H, s), 0.05 (3H, s), 0.03 (6H, s); 13C NMR (100 MHz, CDCl3): 
δ 217.9, 171.4, 164.8, 152.7, 139.2, 137.0, 133.6, 121.3, 118.0, 116.6, 114.6, 78.9, 77.8, 74.3, 
53.6, 45.4, 40.5, 39.1, 37.7, 34.5, 30.7, 27.3, 26.4, 26.3, 23.4, 20.5, 19.5, 18.7, 18.4, 17.8, 15.6, 
14.8, –3.4, –3.6, –4.0, –4.5; HRMS (ESI+) [M+H]+ calcd for C40H72NO5SSi2: 734.4670, found: 
734.4652. 
 
Practical Aspects of W-Catalyzed RCM Reaction: Performing the Z-Selective Ring-
Closing Metathesis on Gram Scale and Air Stability Study of W Complex 2.26 
For the gram scale RCM of diene 2.39, an improved procedure for the preparation of 
complex 2.26 was developed. Compared to the previous reported method11, this procedure 
provides 2.26 as a co-crystal with one molecule of toluene with more consistent quality: In a N2–
filled glove box, a mixture of bispyrrolide46 (1.70 g, 2.67 mmol) and hexaisopropylterphenol 
(1.33 g, 2.67 mmol) was dissolved in benzene (20.0 mL) and allowed to stir overnight. The 
resulting solution was filtered through Celite and the filtrate was concentrated to dryness. The 
crude black residue was redissolved in toluene (30.0 mL) and recrystallized at –50 °C to provide 
2.26•toluene. The filtrate was concentrated to ~10 mL to provide an additional portion of the 
desired product (2.44 g in total, 2.23 mmol, 85%) as a light yellow powder. 1H NMR (400 MHz, 
                                                
(46) Kreickmann, T.; Arndt, S.; Schrock, R. R.; Müller, P. Organometallics 2007, 26, 5702–5711. 
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C6D6): δ 9.47 (1H, s), 7.24 (4H, dd, J = 9.2, 1.6 Hz), 7.14–7.10 (2H, m), 7.12 (2H, d, J = 7.2 Hz), 
7.08–7.00 (3H, m), 6.88 (1H, J = 8.0 Hz), 6.86 (2H, J = 8.4 Hz), 6.43 (2H, t, J = 2.0 Hz), 6.29 
(2H, t, J = 1.6 Hz), 6.22 (1H, t, J = 8.4 Hz), 3.05 (2H, sept, J = 6.8 Hz), 2.90 (2H, sept, J = 6.8 
Hz), 2.83 (2H, sept, J = 6.8 Hz), 2.11 (3H, s), 1.36 (3H, d, J = 2.0 Hz), 1.34 (3H, d, J = 2.4 Hz), 
1.33 (3H, d, J = 6.8 Hz), 1.17 (3H, d, J = 6.8 Hz), 1.11 (3H, d, J = 6.8 Hz), 1.09 (3H, d, J = 6.8 
Hz), 1.00 (9H, s). 
 
(4S,7R,8S,9S,16S,Z)-4,8-Bis((tert-butyldimethylsilyl)oxy)-5,5,7,9-tetramethyl-16-
((E)-1-(2-methylthiazol-4-yl)prop-1-en-2-yl)oxacyclohexadec-13-ene-2,6-dione (2.40). RCM 
reaction inside glovebox: In an N2-filled glovebox, diene 2.39 (4.1 mg, 0.0056 mmol) in a 20 
mL vial was dissolved in toluene (5.6 mL) and treated with a solution of complex 2.26 (0.028mL, 
0.020M in benzene, 0.00056 mmol). The vial was capped with a septum fitted with one 20-gauge 
needle and a vacuum adapter. The mixture was exposed to vacuum (one torr) and allowed to stir 
at 22 °C for 2.5 hours. Additional toluene was added during the reaction (after 1.5 hours) to 
compensate for solvent loss due to vacuum. The reaction was quenched by the addition of wet 
ethyl ether and concentrated under reduced pressure. Purification by silica gel chromatography 
(hexanes: diethyl ether 20:1) afforded the title compound (3.4 mg, 0.0048 mmol, 86% yield, 
Z:E= 96:4) as colorless solid. 
 
RCM reaction outside glovebox: A 500 mL Airfree® Schlenk flask (with a 24/40 joint, 
lubricated with Krytox® fluorinated grease) was fitted with an Airfree® connecting adapter 
(Chemglass item number AF-0506-03). The connecting adapter was fitted with a rubber septum. 
The Schlenk flask was connected to an N2-filled manifold. The apparatus was flame-dried and 
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charged with diene 2.39 (1.05 g, 1.43 mmol, used without azeotroping distillation with benzene). 
Solid W complex 2.26•toluene (99.0 mg, 0.0926 mmol, kept in an N2-filled glovebox prior to 
use) was weighed on a balance in air and added to the vessel. The remaining W complex 
(exposed to air for approximate ten minutes) was transferred back to an N2-filled dry box. The 
vessel was put under vacuum, back-filled with N2 three times and charged with mesitylene (285 
mL, freshly distilled from sodium and added by a gas-tight syringe). The valve on the connecting 
adapter was closed to isolate the septum from the vessel. The resulting solution was exposed to 
vacuum (0.60 torr) and allowed to stir for four hours at 22 °C. The reaction was quenched by the 
addition of wet ethyl ether (~1 mL). Purification by silica gel chromatography (hexanes:Et2O 
20:1) afforded 2.40 (0.833 g, 1.18 mmol, 83% yield, 95:5 Z/E) as a white foam along with 
recovered starting material (55.5 mg, 0.0756 mmol, 5.3%). This experiment was repeated once to 
provide comparable yield and Z-selectivity. The leftover catalyst from the weighing was 
dissolved in C6D6 together with 9-methylanthracene (as an internal standard) in an N2-filled dry 
box. NMR analysis was performed by comparing the integration of alkylidene signal at δ 9.47 
with that of 9-methylanthracene. In all cases, less than 10% decomposition was observed. The 
air-stability test was also performed on complex 2.26 and yielded identical result. The physical 
and spectral data of 2.40 were identical to those previously reported. IR (neat): 2955 (m), 2924 
(s), 2854 (m), 1743 (m), 1697 (w), 1462 (m), 1378 (w), 1254 (m), 1182 (w), 1158 (w), 1097 (w), 
1066 (w), 1019 (w); 1H NMR of Z isomer (600 MHz, CDCl3): δ 6.96 (1H, s), 6.57 (1H, s) 
[diagnostic E isomer signal: 6.53 (1H, s)], 5.53 (1H, dt, J = 11.2, 4.2 Hz), 5.42–5.23 (1H, m), 
5.02 (1H, d, J = 10.2 Hz), 4.03 (1H, dd, J = 10.2, 1.2 Hz), 3.89 (1H, d, J = 8.4 Hz), 3.05-2.96 
(1H, m), 2.82 (1H, dd, J = 16.2, 1.2 Hz), 2.79–2.70 (2H, m), 2.70 (3H, s), 2.67 (1H, dd, J = 16.2, 
10.2 Hz), 2.40–2.33 (1H, m), 2.11 (3H, d, J = 1.2 Hz), 2.10–2.06 (1H, m), 1.90–1.82 (1H, m), 
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1.62–1.46 (3H, m), 1.30–1.00 (1H, m), 1.19 (3H, s), 1.14 (3H, s), 1.09 (3H, d, J = 6.6 Hz), 0.95 
(3H, d, J = 6.6 Hz), 0.94 (9H, s), 0.84 (9H, s), 0.12 (3H, s), 0.10 (3H, s), 0.07 (3H, s), –0.10 (3H, 
s); 13C NMR (100 MHz, CDCl3): δ 215.2, 171.5, 164.8, 152.7, 138.8, 135.3, 123.0, 119.7, 116.3, 
79.8, 79.5, 76.6, 53.6, 48.2, 39.1, 38.0, 32.0, 31.6, 29.4, 28.6, 26.6, 26.4, 25.2, 24.4, 19.4, 19.3, 
18.9, 18.8, 17.9, 15.5, –3.0, –3.1, –3.5, –5.5. HRMS (ESI+) [M+H]+ calcd for C38H67NO5SSi2: 
706.4357, found: 706.4348. 
 
Epothilone C. A solution of 2.40 (26.2 mg, 0.0371 mmol) in THF (3.60 mL) in a plastic 
vial was treated with HF•pyridine complex (70% HF, 1.09 mL). The mixture was allowed to stir 
at 22 °C for 36 hours, diluted with CH2Cl2 and the reaction was quenched by the addition of a 
saturated solution aqueous NaHCO3. The aqueous layer was washed twice with CH2Cl2. The 
combined organic layers were dried with MgSO4 and concentrated under reduced pressure. 
Purification by silica gel chromatography (hexanes:Et2O 2:1 to 1:1) afforded epothilone C (15.2 
mg, 0.0301 mmol, 81% yield, Z:E = 95:5) as colorless solid together with 2.6 mg of mono-
desilylated product. The physical and spectral data of epothilone C were identical to those 
previously reported11. IR (neat): 3503 (br), 2928 (s), 1732 (s), 1686 (s), 1506 (m), 1465 (m), 
1405 (m), 1376 (m), 1331 (m), 1293 (m), 1249 (m), 1184 (m), 1150 (m), 1090 (m), 1047 (m), 
1006 (m); 1H NMR (400 MHz, CDCl3): δ 6.96 (1H, s), 6.59 (1H, s) [diagnostic E isomer signal: 
6.56 (1H, s)], 5.49–5.34 (2H, m), 5.29 (1H, dd, J = 10.0, 2.0 Hz), 4.22 (1H, d, J = 10.4 Hz), 3.74 
(1H, dd, J = 4.0, 2.0 Hz), 3.22 (1H, br s), 3.14 (1H, dq, J = 13.6, 2.4 Hz), 3.02 (1H, br s), 2.74–
2.64 (1H, m), 2.70 (3H, s), 2.50 (1H, dd, J = 15.2, 11.2 Hz), 2.36 (1H, dd, J = 15.2, 2.8 Hz), 
2.30–2.15 (2H, m), 2.09 (3H, d, J = 1.6 Hz), 2.06–1.98 (1H, m), 1.80–1.61 (2H, m), 1.41–1.30 
(1H, m), 1.33 (3H, s), 1.28–1.16 (2H, m), 1.18 (3H, d, J = 6.8 Hz), 1.08 (3H, s), 1.00 (3H, d, J = 
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7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 220.8, 170.6, 165.2, 152.2, 138.9, 133.6, 125.2, 119.6, 
116.0, 78.6, 74.3, 72.5, 53.6, 41.9, 39.5, 38.8, 32.6, 32.0, 27.8, 27.7, 23.0, 19.3, 18.7, 16.1, 15.7, 
13.7. HRMS (ESI+) [M+H]+ calcd for C26H40NO5S: 478.2627, found: 478.2625. 
 
Synthesis of Nakadomarin A: 
Nitro ester 2.67. To a solution of methyl ester 2.65 (8.28 g, 38.8 mmol) and nitroalkene 
2.644 (4.95 g, 25.6 mmol) in toluene (82 mL) was added organocatalyst 2.66 (4.26 g, 7.77 mmol) 
in one portion. The mixture was allowed to stir for three days at 30 °C before being concentrated 
in vacuo and purified by silica gel chromatography (7:3 to 3:7 petroleum ether: diethyl ether). 
2.67 was obtained as a yellow crystalline solid, which was further purified by recrystallization 
from diethyl ether and cooled to –20 °C. Further purification of the mother liquors were also 
required in a similar manner to give the desired compound as a colorless crystalline solid (7.50 g, 
18.4 mmol, 72% yield, single diastereoisomer). M.p. 90–92 °C; IR (neat): 2984 (w), 2935 (w), 
1738 (s), 1690 (s), 1554 (s), 1413 (m), 1380 (m), 1278 (m), 1224 (m), 1038 (w), 923 (w), 819 
(w); 1H NMR (400 MHz, CDCl3): δ 7.30 (1H, d, J = 0.8 Hz), 6.03 (1H, d, J = 0.8 Hz), 5.78 
(1H, ddt, J = 17.0, 10.3, 6.6 Hz), 5.06–4.86 (4H, m), 4.07 (1H, dd, J = 10.6, 3.8 Hz), 3.94–3.88 
(1H, m), 3.82 (3H, s), 3.43–3.30 (2H, m), 2.67 (2H, t, J = 7.5 Hz), 2.40–2.31 (2H, m), 2.21–2.17 
(2H, m), 1.68 (3H, s), 1.43 (3H, s); 13C NMR (100 MHz, CDCl3): δ 171.7, 167.3, 157.1, 140.3, 
137.0, 119.6, 115.6, 105.0, 91.9, 76.8, 69.9, 63.5, 58.7, 53.4, 38.8, 33.4, 31.9, 27.5, 26.3, 23.3; 
HRMS (ESI+) [M+Na]+ calcd for C20H26N2NaO7: 429.1632, found: 429.1637; [α]D21 + 0.9 (c = 
0.67, CHCl3). 
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Nitro lactam 2.68. A mixture of 6-bromo-1-hexene (11.4 g, 69.9 mmol) and NaN3 (6.82 
g, 105 mmol) in DMSO (82 mL) was allowed to stir at 22 °C for two hours. The mixture was 
poured into water (160 mL) and washed three times with diethyl ether (50 mL). The combined 
organic layers were washed with brine and water was added. Triphenylphosphine (36.7 g, 
140 mmol) was added over ten minutes. The resulting solution was stirred for 16 hours and then 
washed with a solution of aqueous 1.0 M HCl three times. The aqueous phase was washed with 
diethyl ether and the aqueous layer was basified with solid sodium hydroxide while cooling in an 
ice-bath and then washed three times with diethyl ether (50 mL). The combined organic layers 
were washed with brine, dried and concentrated with a stream of nitrogen, to afford the desired 
amine as a colorless oil. A solution of nitro ester 2.67 (5.30 g, 13.0 mmol), hex-5-en-1-amine 
(1.94 g, 19.6 mmol) and formaldehyde (37% solution in water) (1.59 g, 1.46 mL, 19.6 mmol) in 
MeOH (100 mL) was allowed to heat at 65 °C for five hours. The solution was allowed to cool 
to 22 °C and concentrated in vacuo before being purified by silica gel chromatography (1:1 to 
2:8 petroleum ether: diethyl ether) to afford the nitroamide 2.68 as a brown oil (4.15 g, 8.58 
mmol, 66% yield). IR (neat): 2982 (w), 2933 (w), 2858 (w), 1693 (s), 1650 (s), 1556 (s), 1411 
(m), 1350 (m), 1259 (m), 1134 (w), 916 (w), 821 (w); 1H NMR (400 MHz, CDCl3): δ 7.28 (1H, 
d, J = 1.0 Hz), 6.06 (1H, d, J = 1.0 Hz), 5.89 (1H, ddd, J = 12.0, 9.5, 6.5 Hz), 5.84–5.72 (2H, m), 
5.06–4.93 (4H, m), 4.01 (1H, dd, J = 12.0, 6.4 Hz), 3.90 (1H, dd, J = 8.0, 5.4 Hz), 3.79 (1H, dd, 
J = 12.1, 9.1 Hz), 3.57–3.47 (3H, m), 3.46–3.34 (2H, m), 3.01 (1H, dd, J = 13.3, 7.2 Hz), 2.66 
(2H, t, J = 7.5 Hz), 2.38–2.30 (2H, m), 2.13–2.05 (2H, m), 1.90 (1H, dd, J = 13.1, 7.3 Hz), 1.70–
1.56 (2H, m), 1.58 (3H, s), 1.47–1.37 (2H, m), 1.35 (3H, s); 13C NMR (100 MHz, CDCl3): δ 
168.4, 167.2, 157.2, 139.9, 138.3, 137.0, 118.8, 115.7, 114.9, 104.9, 91.6, 81.5, 69.7, 62.8, 58.7, 
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49.4, 48.3, 42.9, 33.3, 31.9, 31.6, 27.6, 26.3, 26.2, 25.8, 23.3; HRMS (ESI+) [M+Na]+ calcd for 
C26H35N3NaO6: 508.2418, found: 508.2412; [α]D21 +97.3 (c = 0.640, CHCl3). 
 
Spirolactam 2.69.  To a solution of 2.68 (5.60 g, 11.5 mmol) in mesitylene (160 mL) 
was added AIBN (0.380 g, 2.31 mmol) and tributyltin hydride (16.8 g, 15.3 mL, 57.7 mmol); the 
mixture was degassed by repeated cycles of vacuum/nitrogen purge. The solution was heated 
rapidly to 160 °C in a pre-heated oil bath for 2.5 hours before being cooled to 22 °C. The mixture 
was loaded directly onto silica gel; the mesitylene and excess tin compounds eluted with 
petroleum ether before ramping the solvent system (9:1 to 1:8 petroleum ether: diethyl ether), to 
afford the spirolactam 2.69 as pale yellow oil (2.95 g, 6.67 mmol, 58% yield). IR (neat): 2982 
(w), 2932 (w), 2863 (w), 1691 (s), 1638 (s), 1548 (w), 1491 (w), 1442 (w), 1406 (m), 1261 (w), 
914 (w); 1H NMR (400 MHz, CDCl3): δ 7.24 (1H, br. s), 6.05 (1H, br. s), 5.87–5.74 (2H, m), 
5.08–4.91 (4H, m), 3.88 (1H, dd, J = 7.7, 5.2 Hz), 3.54–3.31 (6H, m), 2.99 (1H, dd, J = 12.8, 7.5 
Hz), 2.95–2.87 (2H, m), 2.70–2.63 (2H, m), 2.40–2.32 (2H, m), 2.14–2.03 (2H, m), 1.84 (1H, dd, 
J = 12.6, 7.1 Hz), 1.78–1.71 (1H, m), 1.67–1.53 (5H, m), 1.48–1.36 (2H, m), 1.29 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 169.5, 168.6, 156.2, 138.6, 137.8, 137.2, 124.7, 115.4, 114.6, 105.6, 
91.2, 69.9, 63.3, 58.6, 48.3, 47.4, 40.0, 33.4, 33.0, 32.0, 27.6, 26.3, 26.3, 26.0, 25.3, 23.4; 
HRMS (ESI+) [M+Na]+ calcd for C26H36N2NaO4: 463.2567, found: 463.2578; [α]D21 +94.1 (c = 
2.30, CHCl3). 
 
Alcohol 2.70. p-Toluenesulfonic acid (63.0 mg, 0.330 mmol) was added to a solution of 
spirolactam 2.69 (2.91 g, 6.61 mmol) in methanol (150 mL) and the mixture was heated to 65 °C 
and allowed to stir at that temperature for four hours. Additional amount of p-toluenesulfonic 
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acid (10.0 mg, 0.0500 mmol) was then introduced. After heating at reflux for an additional hour, 
the solution was cooled to 22 °C, concentrated and purified by silica gel chromatography (ethyl 
acetate to 98:2 ethyl acetate: methanol) to afford 2.70 as a colorless oil (2.11 g, 5.29 mmol, 80% 
yield). IR (neat): 3406 (m), 3270 (m), 2929 (m), 2858 (m), 1695 (s), 1618 (s), 1494 (w), 1435 
(m), 1348 (w), 1272 (m), 1125 (w), 1062 (w), 912 (m), 734 (w); 1H NMR (400 MHz, CDCl3): δ 
7.22 (1H, d, J = 0.8 Hz), 6.28 (1H, br. s), 6.06 (1H, d, J = 0.8 Hz), 5.87–5.73 (2H, m), 5.08–4.91 
(4H, m), 4.47 (1H, t, J = 5.4 Hz), 3.59 (2H, t, J = 4.9 Hz), 3.52–3.37 (3H, m), 3.37–3.22 (2H, m), 
3.15–3.02 (1H, m), 2.84 (1H, dd, J = 13.4, 2.8 Hz), 2.71–2.60 (3H, m), 2.41–2.32 (2H, m), 2.16–
2.03 (3H, m), 1.84–1.72 (1H, m), 1.67–1.54 (2H, m), 1.45–1.35 (2H, m); 13C NMR (100 MHz, 
CDCl3): δ 175.6, 170.5, 156.2, 138.5, 138.1, 137.4, 124.4, 115.3, 114.7, 105.7, 65.7, 55.6, 52.9, 
48.5, 47.6, 40.4, 34.0, 33.4, 32.0, 27.6, 26.3, 26.0, 25.3; HRMS (ESI+) [M+Na]+ calcd for 
C23H32N2NaO4: 423.2254, found: 423.2258;  [α]D21 +112.0 (c = 0.700, CHCl3). 
 
Bis-Boc-protected lactam 2.71. To a solution of 2.70 (1.75 g, 4.37 mmol) in CH2Cl2 
(75 mL) was added DMAP (53.0 mg, 0.430 mmol) and triethylamine (2.21 g, 3.04 mL, 
21.9 mmol) before the portionwise addition of di-tert-butyl dicarbonate (4.77 g, 21.9 mmol). The 
solution was allowed to stir at 22 °C for 15 hours. The resulting dark yellow solution was 
concentrated and purified by silica gel chromatography (4:1 to 3:7 petroleum ether: ethyl acetate), 
to give the bis-Boc-protected lactam 2.71 as a colorless oil (2.55 g, 4.24 mmol, 97% yield). IR 
(neat): 2979 (w), 2934 (w), 1781 (m), 1744 (s), 1640 (s), 1491 (w), 1455 (w), 1369 (m), 1278 (s), 
1254 (s), 1158 (s), 914 (w), 856 (w); 1H NMR (400 MHz, CDCl3): δ 7.17 (1H, br, s), 5.93 (1H, 
br, s), 5.85–5.73 (2H, m), 5.06–4.92 (4H, m), 4.44 (1H, dd, J = 10.0, 4.4 Hz), 4.19 (1H, dd, J = 
9.9, 8.6 Hz), 3.82 (1H, tt, J = 8.9, 4.5 Hz), 3.52–3.40 (3H, m), 3.29 (1H, ddd, J = 13.1, 8.7, 6.4 
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Hz), 3.06–2.92 (1H, m), 2.84 (1H, dd, J = 13.4, 2.8 Hz), 2.73 (1H, dd, J = 13.8, 4.7 Hz), 2.65–
2.58 (2H, m), 2.37–2.29 (2H, m), 2.13–2.03 (3H, m), 1.79–1.71 (1H, m), 1.66–1.52 (2H, m), 
1.48 (9H, s), 1.46 (9H, s), 1.45–1.36 (2H, m); 13C NMR (100 MHz, CDCl3): δ 172.8, 167.7, 
156.7, 153.1, 149.4, 138.5, 138.3, 137.2, 123.9, 115.4, 114.7, 105.1, 83.3, 82.1, 68.2, 57.0, 53.4, 
48.3, 47.4, 41.6, 33.5, 32.0, 31.3, 27.9, 27.8, 27.6, 26.4, 26.1, 25.2; HRMS (ESI+) [M+Na]+ 
calcd for C33H48N2NaO8: 623.3303, found: 623.3312;  [α]D21 +120.0 (c = 0.700, CHCl3). 
 
Boc-protected hemiaminal 2.72. To a solution of 2.71 (2.50 g, 4.16 mmol) in THF (105 
mL) was added dropwise lithium triethylborohydride (11.2 mL, 11.2 mmol, 1.0 M solution in 
THF) at –78 ºC and the solution was allowed to stir at this temperature for three hours. The 
reaction was then quenched by the addition of a saturated aqueous solution of NH4Cl (100 mL). 
The reaction was allowed to warm to 22 ºC over one hour and then diluted by the addition of 
diethyl ether (150 mL). The aqueous layer was washed and the combined organics were dried 
(Na2SO4) and concentrated. The resulting oil was purified by silica gel chromatography (4:1 to 
7:3 petroleum ether: ethyl acetate) to afford 2.72 as a colorless oil (2.04 g, 3.37 mmol, 81% 
yield): The 1H NMR spectrum of the title compound suffers from considerable broadening due to 
rotamers when run in CDCl3 at 298 K. Attempts to improve this spectrum by collecting the data 
in toluene-d8 at 363 K resulted in decomposition of the compound. The material was used in the 
next step without full characterization. 
 
Diene 2.74. To a solution of 2.72 (300 mg, 0.498 mmol) in CH2Cl2 (10 ml) was added 
triethylamine (280 mg, 0.390 mL, 2.79 mmol), acetic anhydride (290 mg, 0.260 mL, 2.79 mmol) 
and DMAP (3.0 mg, 0.025 mmol). The reaction was allowed to stir at 22 ºC for six hours, 
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followed by the addition of a second portion of DMAP (20.0 mg, 0.164 mmol). The mixture was 
allowed to stir for 15 hours, before being filtered through a short pad of silica, which was washed 
with diethyl ether. The filtrate was concentrated and the resulting residue was dissolved in 
CH2Cl2 (10 ml), (+)-camphorsulfonic acid (21.0 mg, 0.0900 mmol) was added and the mixture 
was allowed to stir at 22 ºC for one hour. The resulting solution was concentrated in vacuo and 
the resulting oil was purified by column chromatography (9:1 to 6:4 petroleum ether: ethyl 
acetate), to give diene 2.74 as colorless oil (268 mg, 0.458 mmol, 92% yield). The 1H NMR 
spectrum of the title compound suffers from broadening due to the presence of rotamers when 
performed in CDCl3 at 22 °C. The major rotamer has been assigned. IR (neat): 2978 (m), 2931 
(m), 1743 (s), 1699 (s), 1640 (s), 1483 (w), 1454 (w), 1380 (s), 1369 (s), 1279 (s), 1255 (s), 1162 
(s), 1099 (w), 913 (w), 863 (w); 1H NMR (400 MHz, CDCl3): δ 5.91–5.68 (3H, m), 5.08–4.90 
(5H, m), 4.72 (1H, dd, J = 9.6, 3.5 Hz), 4.35 (1H, t, J = 9.5 Hz), 4.13–4.04 (1H, m), 3.37 (2H, t, 
J = 7.3 Hz), 3.27–3.12 (2H, m), 3.02 (1H, t, J = 6.1 Hz), 2.69 (2H, t, J = 7.6 Hz), 2.59 (1H, dd, J 
= 13.4, 4.5 Hz), 2.38 (2H, q, J = 7.1 Hz), 2.16–1.99 (4H, m), 1.71–1.60 (1H, m), 1.56–1.43 
(20H, m), 1.40–1.30 (2H, m); 13C NMR (100 MHz, CDCl3): δ 172.2, 161.1, 155.0, 153.9, 
153.2, 138.4, 137.3, 128.2, 115.4, 114.8, 102.2, 81.7, 80.0, 67.0, 65.9, 63.9, 56.8, 48.0, 45.1, 
43.5, 40.5, 33.4, 32.0, 29.2, 28.5, 28.3, 27.8, 26.7, 26.0; HRMS (ESI+) [M+Na]+ calcd for 
C33H48N2NaO7: 607.3354, found: 607.3349;  [α]D21 +28.9 (c = 3.40, CHCl3). 
 
Boc-protected pentacycle 2.75. In an N2-filled glove box, a 100 mL round bottom flask 
was charged with diene (107 mg, 0.186 mmol). Toluene (37 mL) was added and W complex 
2.26 (9.1 mg, 0.0093 mmol, 0.05 equivalent) was subsequently introduced. The resulting mixture 
was allowed to stir for three minutes to allow complete initiation of the catalyst. The flask was 
  Chapter 2, Page  226 
capped with a septum fitted with two 20-gauge needles and connected to a seven torr vacuum 
generated from a diaphragm vacuum pump. After it was allowed to stir at 22 °C for two hours, 
the mixture was removed from the glovebox and exposed to air. The resulting solution was 
concentrated to deliver a yellow oil, which was then purified by silica gel chromatography (2:1 
to 1:2 hexanes: diethyl ether) to afford the macrocyclic alkene 2.75 as a white solid (94.1 mg, 
0.168 mmol, 90% yield, Z:E = 97:3). M.p. 184–187 °C; IR (neat): 2978 (s), 2938 (s), 2868 (m), 
1742 (s), 1694 (s), 1634 (s), 1488 (m), 1453 (m), 1393 (s), 1367 (s), 1351 (s), 1277 (s), 1254 (s), 
1155 (s), 1106 (s), 953 (m), 859 (m), 792 (m), 761 (m), 732 (m); 1H NMR (400 MHz, CDCl3): 
δ 5.82 (1H, s), 5.44 (1H, dt, J = 5.6, 6.1 Hz), 5.26 (1H, dt, J = 5.6, 6.0 Hz), 4.81–4.72 (2H, m), 
4.46 (1H, dt, J = 8.8, 2.4 Hz), 4.28–4.25 (1H, m), 4.17 (1H, dd, J = 6.6, 5.4 Hz), 3.27 (1H, s), 
3.14 (1H, dt, J = 7.6, 2.4 Hz), 2.90 (1H, dd, J = 8.0, 2.8 Hz), 2.75 (1H, t, J = 8.4 Hz), 2.59–2.41 
(4H, m), 2.19 (2H, dd, J = 8.8, 4.0 Hz), 2.10 (1H, d, J = 8.4 Hz), 1.93–1.88 (2H, m), 1.62–1.59 
(1H, m), 1.53–1.40 (19H, m), 1.28–1.23 (1H, m), 0.99–0.96 (1H, m), 0.03–-0.05 (1H, m); 13C 
NMR (100 MHz, CDCl3): δ 171.6, 159.9, 157.0, 154.2, 153.4, 130.5, 128.7, 128.5, 103.0, 82.1, 
80.2, 69.0, 67.7, 67.6, 58.3, 46.8, 43.5, 39.5, 36.0, 28.8, 28.3, 27.9, 27.6, 26.6, 26.3, 25.6, 22.3; 
HRMS (ESI+) [M+H]+ calcd for C31H45N2O7: 557.3227, found: 557.3218; [α]D20 –63.17 (c = 
0.640, CHCl3). 
 
Amino alcohol 2.76. In a 35 mL vial equipped with a magnetic stir bar, the macrocyclic 
alkene 2.75 (130 mg, 0.233 mmol) was treated with trifluoroacetic acid (1.0 mL, 13 mmol), and 
allowed to stir for five minutes at 22 °C. The trifluoroacetic acid was removed by vacuum. The 
resulting yellow oil was treated with a saturated aqueous solution of NaHCO3 (6.0 mL) and 
dichloromethane (6.0 mL). Layers were partitioned and the aqueous layer was washed with a 4:1 
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solution of chloroform/isopropanol (6.0 mL x 3). The combined organic layers were dried and 
concentrated. The resulting yellow oil was purified by silica gel chromatography (9:1 
dichloromethane: methanol) to afford the aminol 2.76 as a white solid (80.0 mg, 0.225 mmol, 
95% yield, Z:E = 95:5). M.p. 182–185 °C; IR (neat): 3368 (br, s), 3004 (m), 2925 (s), 2856 (s), 
1676 (s), 1604 (s), 1494 (m), 1443 (s), 1361 (m), 1201 (s), 1181 (s), 1131 (s), 1035 (m), 840 (m), 
800 (m), 722 (m); 1H NMR (400 MHz, CDCl3): δ 5.82 (1H, s), 5.46 (1H, dt, J = 8.8, 7.4 Hz), 
5.26 (1H, dt, J = 8.8, 8.0 Hz), 4.80–4.37 (4H, m), 3.82–3.69 (3H, m), 3.29 (1H, s), 3.08 (1H, dt, J 
= 12.4, 3.6 Hz), 2.91 (1H, dd, J = 12.0, 4.0 Hz), 2.82–2.78 (1H, m), 2.62–2.46 (3H, m), 2.32 (1H, 
dd, J = 12.4, 9.6 Hz), 2.16–2.09 (2H, m), 2.00–1.88 (3H, m), 1.64–1.46 (2H, m), 1.30–1.25 (1H, 
m), 1.05–0.99 (1H, m), 0.06–-0.05 (1H, m); 13C NMR (100 MHz, CDCl3): δ 173.6, 161.7, 155.8, 
130.4, 129.6, 128.7, 103.4, 71.7, 69.0, 63.7, 63.0, 46.8, 43.4, 41.1, 37.1, 28.8, 27.6, 26.4, 26.0, 
25.3, 23.2; HRMS (ESI+) [M+H]+ calcd for C21H29N2O3: 357.2178, found: 357.2171; [α]D20 –
78.41 (c = 0.700, CHCl3). 
 
Diamide 2.77. In a 4-mL vial equipped with a magnetic stir bar, DMF (20 µL) was added 
to 5-hexenoic acid (40.0 mg, 0.351 mmol) and the mixture was allowed to cool to 0 °C. Oxalyl 
chloride (53.0 mg, 0.421 mmol) was added and the solution was allowed to stir for 15 minutes at 
22 °C. Diethyl ether (1.0 mL) was added and the mixture was filtered through a cotton plug and 
concentrated with a stream of nitrogen to deliver 5-hexenyl chloride. In another 50-mL round 
bottom flask, aminol (120 mg, 0.337 mmol) and triethylamine (170 mg, 0.217 mL, 1.69 mmol) 
were dissolved in dichloromethane (15 mL) and allowed to cool to –20 °C; a pre-cooled solution 
of 5-hexenyl chloride in dichloromethane was then introduced by syringe. The mixture was 
allowed to slowly warm to 22 °C over 30 minutes and allowed to stir for three hours. The 
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resulting mixture was concentrated by vacuum to afford a yellow oil, which was purified by 
silica gel chromatography (1:1 hexanes: ethyl acetate to 9:1 ethyl acetate: methanol) to afford 
primary alcohol 2.77 as a white solid (84.0 mg, 0.283 mmol, 84% yield, Z:E = 95:5). M.p. 147-
149 °C; IR (neat): 3350 (br, m), 2923 (s), 2854 (s), 1628 (s), 1549 (m), 1490 (m), 1440 (s), 1353 
(m), 1326 (m), 1218 (m), 1203 (m), 1099 (m), 1080 (m), 911 (m), 805 (m), 750 (m); 1H NMR 
(400 MHz, CDCl3): δ 6.04 (1H, d, J = 9.2 Hz), 5.87 (1H, s), 5.84–5.76 (1H, m), 5.46 (1H, dt, J = 
8.8, 9.2 Hz), 5.26 (1H, dt, J = 8.0, 9.0 Hz), 5.07–4.95 (2H, m), 4.91 (1H, s), 4.45 (1H, dt, J = 
12.8, 4.0 Hz), 4.26–4.19 (1H, m), 3.75–3.62 (2H, m), 3.32 (1H, t, J = 2.8 Hz), 3.11 (1H, dt, J = 
12.0, 4.0 Hz), 2.93 (1H, dd, J = 12.4, 4.8 Hz), 2.78–2.67 (1H, m), 2.60–2.39 (5H, m), 2.30–2.11 
(5H, m), 2.02–1.89 (3H, m), 1.81–1.43 (4H, m), 1.33–1.22 (1H, m), 1.05–0.95 (1H, m), –0.01–-
0.12 (1H, m); 13C NMR (100 MHz, CDCl3): δ 174.8, 171.2, 161.1, 155.4, 138.2, 130.5, 130.5, 
128.5, 115.2, 103.6, 68.9, 68.2, 66.6, 66.4, 46.8, 43.2, 39.2, 35.1, 34.5, 33.4, 28.7, 27.5, 26.5, 
26.3, 25.4, 24.3, 22.3; HRMS (ESI+) [M+H]+ calcd for C27H37N2O4: 453.2753, found: 
453.2739; [α]D20 –48.67 (c = 0.260, CHCl3). 
 
Triene 2.78. In a 50-mL round bottom flask equipped with a magnetic stir bar, 2-
iodoxybenzoic acid (413 mg, 1.47 mmol) was added to a solution of the alcohol (148 mg, 0.327 
mmol) in DMSO (20 mL). The reaction mixture was allowed to stir at 22 °C for 24 hours, at 
which time it was poured into a saturated aqueous solution of NaHCO3 (60 mL) and washed with 
diethyl ether (4 x 60 mL). The combined organic layers were washed with water (30 mL), dried 
with Na2SO4 and concentrated to afford the desired aldehyde as yellow oil, which was used 
directly for the next step without purification. In a 50-mL round bottom flask, KOt-Bu (172 mg, 
1.54 mmol) was added to MePPh3Br (700 mg, 1.96 mmol) in toluene (10 mL). The resulting 
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mixture was placed in a sonication bath until a homogenous bright yellow solution formed. The 
mixture was allowed to stir at 22 °C for 90 minutes. The unpurified aldehyde was dissolved in 
THF (10 mL) and the solution was rapidly added to the aforementioned freshly prepared ylide 
solution. After 15 minutes, the mixture was concentrated; 30 mL water and 30 mL ethyl acetate 
were added. Layers were partitioned and the aqueous layer was washed three times with ethyl 
acetate (30 mL). The combined organic layers were dried with Na2SO4 and concentrated by 
vacuum to afford a colorless oil, which was purified by silica gel chromatography (3:2 to 2:3 
hexanes: ethyl acetate) to afford the triene 2.78 as a white foam (122 mg, 0.272 mmol, 83% yield, 
Z:E = 95:5).  IR (neat): 2934 (s), 2863 (s), 1633 (s), 1488 (m), 1440 (s), 1406 (s), 1355 (s), 1287 
(s), 1206 (s), 1168 (m), 992 (m), 953 (m), 912 (m), 732 (m); 1H NMR (400 MHz, CDCl3): 
(characterized as a mixture of two rotamers) δ 5.96–5.68 (3H, m), 5.48 (1H, dt, J = 9.2, 9.0 Hz), 
5.28 (1H, dt, J = 8.8, 8.2 Hz), 5.20–4.89 (5H, m), 4.67–4.44 (2H, m), 3.34 (1H, s), 3.21–3.12 
(1H, m), 3.00–2.69 (2H, m), 2.59–2.32 (5H, m), 2.20–1.92 (7H, m), 1.79–1.43 (5H, m), 1.34–
1.18 (1H, m), 1.06–0.98 (1H, m), 0.04–-0.08 (1H, m); 13C NMR (100 MHz, CDCl3): 
(characterized as a mixture of two rotamers) δ 173.1, 172.5, 171.5, 171.3, 160.6, 160.1, 157.6, 
156.0, 140.3, 139.6, 138.6, 138.6, 130.5, 130.3, 129.9, 129.1, 128.6, 128.2, 115.5, 114.9, 114.9, 
113.9, 103.5, 103.0, 70.4, 68.3, 67.6, 67.0, 63.5, 63.3, 46.9, 43.4, 39.9, 39.6, 39.1, 38.3, 34.5, 
34.4, 33.4, 33.3, 28.8, 28.7, 27.5, 27.2, 26.6, 26.4, 26.2, 25.5, 25.3, 24.3, 24.2, 22.4, 22.2; 
HRMS (ESI+) [M+H]+ calcd for C28H37N2O3: 449.2804, found: 449.2790; [α]D20 –76.61 (c = 
0.110, CHCl3). 
 
Diamine 2.80. In a 25 mL round bottom flask equipped with a magnetic stir bar, 
DIBAL–H (159 µL, 0.893 mmol) was added to a solution of amide (20.0 mg, 0.0446 mmol) in 
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5.0 mL diethyl ether at 0 °C and allowed to stir for four hours. A second portion of DIBAL-H 
(159 µL, 0.893 mmol) was added and the mixture was allowed to warm to 22 °C and stir for two 
hours. A saturated aqueous solution of Rochelle salt (5 ml) was added at –78 °C and the mixture 
was allowed to warm to 22 °C and stir for six hours. The layers were partitioned and the aqueous 
fraction was washed three times with diethyl ether (10 mL). The combined organic layers were 
dried with Na2SO4 and concentrated by vacuum to afford a colorless oil, which was purified by 
neutral alumina chromatography (10:1 to 2:1 hexanes: diethyl ether) to afford diamine 2.80 as a 
colorless oil (14.0 mg, 0.0333 mmol, 75% yield, Z:E = 95:5). IR (neat): 3075 (m), 3003 (m), 
2921 (s), 2856 (s), 2974 (s), 1641 (s), 1556 (m), 1445 (s), 1385 (m), 1359 (m), 1342 (m), 1172 
(s), 1129 (s), 1100 (m), 1084 (m), 992 (s), 910 (s), 857 (m), 793 (m), 726 (m); 1H NMR (400 
MHz, CDCl3): δ 5.94–5.83 (1H, m), 5.78 (1H, s), 5.69–5.60 (1H, m), 5.48 (1H, dt, J = 8.0, 9.0 
Hz), 5.26 (1H, dt, J = 7.6, 9.2 Hz), 5.14–4.94 (4H, m), 4.16 (1H, s), 3.14–3.08 (1H, m), 3.00 (1H, 
d, J = 10.8 Hz), 2.78–2.70 (2H, m), 2.65–2.43 (4H, m), 2.41 (1H, dt, J = 11.6, 3.2 Hz), 2.32–2.09 
(6H, m), 2.00–1.84 (3H, m), 1.77 (1H, ddd, J = 14.0, 7.2, 2.4 Hz), 1.70–1.53 (3H, m), 1.50–1.38 
(2H, m), 1.36–1.25 (2H, m), 1.08–0.96 (2H, m), 0.94–0.78 (2H, m); 13C NMR (100 MHz, 
CDCl3): δ 160.6, 156.2, 140.9, 139.5, 133.6, 131.7, 128.1, 116.8, 114.2, 103.3, 71.0, 66.8, 62.6, 
59.6, 58.4, 49.9, 45.1, 42.7, 41.4, 33.8, 28.9, 28.3, 27.9, 27.7, 27.2, 26.5, 26.3, 22.3; HRMS 
(ESI+) [M+H]+ calcd for C28H41N2O: 421.3219, found: 421.3207; [α]D20 –30.14 (c = 0.067, 
methanol). 
 
Nakadomarin A through a W-catalyzed RCM of 2.80. In an N2-filled glove box, 
diamine (8.0 mg, 0.019 mmol) was charged to an 8-mL vial, which was dissolved in toluene (3.8 
mL) and treated with a stock solution of W complex 2.26 (93 µL, 0.00095 mmol, 1 mg/mL, 0.05 
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equivalent). The resulting mixture was allowed to stir for three minutes to allow complete 
initiation of the catalyst. The vial was capped with a septum fitted with two 20-gauge needles 
and connected to a one torr vacuum generated from the Edwards RV8 two-stage rotary vane 
pump. The solution was allowed to stir at 22 °C for eight hours; it was then removed from the 
glovebox and exposed to air. The resulting oil was purified by silica gel chromatography (19:1 
diethyl ether: ammonium hydroxide) to afford nakadomarin A as a white foam (4.2 mg, 0.011 
mmol, 56% yield, Z:E = 91:9) together with recovered diamine starting material (1.0 mg, 0.0023 
mmol, 12% recovery).  
 
Nakadomarin A through a W-catalyzed macrocyclic RCM of 2.82. In an N2-filled glove 
box, diamine 2.82 (8.0 mg, 0.019 mmol) was charged to a 35-mL vial, which was dissolved in 
toluene (19 mL) and treated with a stock solution of W complex 2.26 (93 µL, 0.00095 mmol, 1.0 
mg/mL, 0.05 equivalent). The resulting mixture was allowed to stir for three minutes to allow 
complete initiation of the catalyst. The vial was capped with a septum fitted with two 20-gauge 
needles and connected to a one torr vacuum generated from a mechanic pump. The solution was 
allowed to stir at 22 °C for six hours; it was then removed from the glovebox and exposed to air. 
The resulting oil was purified by silica gel chromatography (19:1 diethyl ether: ammonium 
hydroxide) to afford nakadomarin A as a white foam (4.7 mg, 0.012 mmol, 63% yield, Z:E = 
95:5) together with recovered diamine starting material 2.82 (0.7 mg, 0.002 mmol, 9% recovery). 
The physical and spectral data of the desired product were identical to those previously 
reported38b, 38d. IR (neat): 3005 (m), 2923 (s), 2856 (s), 2790 (s), 2742 (s), 1444 (s), 1357 (m), 
1330 (m), 1309 (m), 1276 (m), 1238 (m), 1196 (m), 1132 (s), 1080 (m), 953 (m), 937 (s), 725 
(m); 1H NMR (400 MHz, CD3OD): δ 5.86 (1H, s), 5.79 (1H, dd, J = 17.6, 9.4 Hz), 5.51–5.40 
  Chapter 2, Page  232 
(2H, m), 5.28–5.21 (1H, m), 3.92 (1H, s), 3.74–3.69 (1H, m), 3.08–2.98 (1H, m), 3.03 (1H, d, J 
= 12.4 Hz), 2.83 (1H, br, s), 2.80–2.68 (2H, m), 2.64–2.57 (2H, m), 2.52–2.44 (1H, m), 2.40 (1H, 
dd, J = 11.6, 3.6 Hz), 2.34–2.26 (3H, m), 2.18–1.95 (4H, m), 1.90 (2H, dd, J = 12.4, 4.8 Hz), 
1.81 (1H, ddd, J = 14.0, 7.2, 2.6 Hz), 1.74–1.56 (4H, m), 1.47 (1H, dd, J = 12.4, 10.0 Hz), 1.42–
1.27 (2H, m), 1.11–1.00 (2H, m), 0.92–0.88 (1H, m); 13C NMR (100 MHz, CD3OD): δ 162.3, 
156.7, 135.1, 134.4, 132.2, 131.6, 129.3, 104.7, 74.7, 63.6, 60.7, 59.3, 58.2, 50.9, 46.1, 43.5, 43.1, 
29.5, 29.2, 29.2, 28.8, 27.2, 27.1, 26.0, 26.0, 23.0; HRMS (ESI+) [M+H]+ calcd for C26H37N2O: 
393.2906, found: 393.2899; [α]D20 –73.59 (c = 0.040, methanol). 
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Chapter	  3	  
Application	  of	  Z-­‐	  and	  Enantioselective	  Catalytic	  Olefin	  Metathesis	  to	  a	  
Concise	  Total	  Synthesis	  of	  (+)-­‐Neopeltolide	  
3.1	  Introduction	  
Biologically active natural products have shown to be an important source for new drug 
candidates, especially as anticancer agents.1 The quantities of such active molecules, however, 
are usually limited due to low availability in the natural sources. Thus, organic synthesis 
becomes an important method to deliver a sufficient quantity of such compound, which greatly 
facilitates biomedical research. Furthermore, analogs of the natural product, possessing a more 
suitable biological activity, cannot be accessed from natural sources, but can be prepared through 
modified synthetic routes.  
Another objective in complex natural product total synthesis is the development of novel 
synthetic methods to solve problems in chemical synthesis. Because substrates involved in a 
complex natural product synthesis typically possess unique structural environments and have 
various functional groups, transformations on such substrates with novel catalysts and methods 
could be more complicated and challenging. These studies will not only allow us to test our 
established catalysts or methods on multifunctional substrates, but may also lead to the 
development of new catalysts and methods due to the limitation of existing methodologies.2 
                                                
(1) (a) Newman, D. J.; Cragg, G. M. J. Nat. Prod. 2004, 67, 1216–1238. (b) Newman, D. J.; Cragg, G. M. Curr. 
Med. Chem. 2004, 11, 1693–1713. (c) Newman, D. J.; Cragg, G. M. J. Nat. Prod. 2007, 70, 461–477. 
(2) For examples from this group, see: (a) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 
3860–3864. (b) Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 12904–12906. 
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Herein, an efficient and convergent approach to antiproliferative agent (+)-neopeltolide (3.1) 
(Figure 3.1) will be presented, where we demonstrated eight catalytic methods in the course of 
total synthesis, four of which are enantio- or diastereoselective olefin metathesis reactions. 
3.2	  Background	  
In 2007, Wright and co-workers reported the isolation of neopeltolide (3.1) from a deep-
water sponge of the family Neopeltidae, which was collected off the northwest coast of Jamaica.3 
Biological assays indicate the marine natural product has potent in vitro antiproliferative 
activities against several cancer cell lines: A549 human lung adenocarcinoma (IC50 = 1.2 nM), 
NCI-ADR-RES human ovarian sarcoma (IC50 = 5.1 nM), and P388 murine leukemia (IC50 = 0.56 
nM). Furthermore, neopeltolide displays strong inhibition towards the growth of the fungal 
pathogen Candida albicans (MIC value of 0.625 µg/mL), which significantly and adversely 
affects the health of AIDS patients, potentially resulting in death. 
O
O O
OMe
OO
N
HN
O
 (+)-neopeltolide (3.1)
O
OMe
(+)-leucascandrolide A (3.2)
Figure 3.1: Structures of Neopeltolide and Leucascandrolide A
O
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O
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O
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The structure and relative stereochemistry of neopeltolide were originally assigned based 
on 2D NMR,3 and later revised independently by Panek4 and Scheidt5 through total synthesis. 
                                                
(3) Wright, A. E.; Botelho, J. C.; Guzman, E.; Harmody, D.; Linley, P.; McCarthy, P. J.; Pitts, T. P.; Pomponi, S. A.; 
Reed, J. K. J. Nat. Prod. 2007, 70, 412–416. 
(4) Youngsaye, W.; Lowe, J. T.; Pohlki, F.; Ralifo, P.; Panek, J. S. Angew. Chem., Int. Ed. 2007, 46, 9211–9214. 
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The key structural characteristics of neopeltolide include a 2,4,6-trisubstituted tetrahydropyran, 
embedded in a fourteen-membered macrolactone that contains six stereogenic centers; one of the 
pyran substituents is an acrylate side chain, which possesses a 2,4-disubstituted oxazole and two 
Z olefins. Interestingly, the side chain of neopeltolide is identical to the side chain of 
leucascandrolide A (3.2), another marine natural product with similar structure features and 
biological activities (Figure 3.1).6 
Because of the intriguing structure and potent biological activity of neopeltolide, it has 
attracted interest from the synthetic community.7 So far, there have been seven total syntheses8 
and eleven formal syntheses9 to the macrolactone, as well as four reports regarding the SAR 
studies of simplified analogs.10 In 2009, Panek and co-workers reported the first total synthesis 
and stereochemical reassignment of (+)-neopeltolide (Scheme 3.1).4 Starting from methyl (R)-
(+)-3-methylglutarate (3.3), aldehyde 3.4 was accessed in 10 steps featuring a Zr-mediated 
Evans-Tishchenko reduction. Triflic acid promoted [4+2] annulation with chiral allylsilane 3.5 
afforded dihydropyran 3.6 in 75% yield and 10:1 diastereoselectivity. Another five steps 
                                                                                                                                                       
(5) (a) Custar, D. W.; Zabawa, T. P.; Scheidt, K. A. J. Am. Chem. Soc. 2008, 130, 804–805. (b) Custar, D. W.; 
Zabawa, T. P.; Hines, J.; Crews, C. M.; Scheidt, K. A. J. Am. Chem. Soc. 2009, 131, 12406–12414. 
(6) D’Ambrosio, M.; Guerriero, A.; Pietra, C.; Debitus, F. Helv. Chim. Acta 1996, 79, 51–60. 
(7) For a review on synthetic efforts towards neopeltolide, see: Gallon, J.; Reymond, S.; Cossy, J. C. R. Chimie 2008, 
1463–1476. 
(8) (a) Ref 4. (b) Ref 5. (c) Fuwa, H.; Naito, S.; Goto, T.; Sasaki, M. Angew. Chem., Int. Ed. 2008, 47, 4737–4739. 
(d) Paterson, I.; Miller, N. A. Chem. Commun. 2008, 4708–4710. (e) Woo, S. K.; Kwon, M. S.; Lee, E. Angew. 
Chem., Int. Ed. 2008, 47, 3242–3244. (f) Ulanovskaya, O. A.; Janjic, J.; Suzuki, M.; Sabharwal, S. S.; Schumacker, 
P. T.; Kron, S. J.; Kozmin, S. A. Nat. Chem. Biol. 2008, 4, 418–424. (g) Guinchard, X.; Roulland, E. Org. Lett. 2009, 
11, 4700–4703. 
(9) (a) Kartika, R.; Gruffi, T. R.; Taylor, R. E. Org. Lett. 2008, 10, 5047–5050. (b) Vintonyak, V. V.; Maier, M. E. 
Org. Lett. 2008, 10, 1239–1243. (c) Tu, W.; Floreancig, P. E. Angew. Chem., Int. Ed. 2009, 48, 4567–4571. (d) Kim, 
H.; Park, Y.; Hong, J. Angew. Chem., Int. Ed. 2009, 48, 7577–7581. (e) Fuwa, H.; Saito, A.; Sasaki, M. Angew. 
Chem., Int. Ed. 2010, 49, 3041–3044. (f) Martinez-Solorio, D.; Jennings, M. P. J. Org. Chem. 2010, 75, 4095–4104. 
(g) Yadav, J. S.; Krishana, G. G.; Kumar, S. N. Tetrahedron Lett. 2010, 66, 480–487. (h) Yang, Z.; Zhang, B.; Zhao, 
G.; Yang, J.; Xie, X.; She, X. Org. Lett. 2011, 13, 5916–5919. (i) Sharma, G. V. M.; Reddy, S. V.; Ramakrishna, K. 
V. S. Org. Biomol. Chem. 2012, 10, 3689–3695. (j) Athe, S.; Chandrasekhar, B.; Roy, S.; Pradhan, T. K.; Ghosh, S. 
J. Org. Chem. 2012, 77, 9840–9845. (k) Raghavan, S.; Samanta, P. K. Org. Lett. 2012, 14, 2346–2349. 
(10) (a) Vintonyak, V. V.; Kunze, B.; Sasse, F.; Maier, M. E. Chem. Eur. J. 2008, 14, 11132–11140. (b) Fuwa, H.; 
Saito, A.; Naito, S.; Sasaki, M. Chem. Eur. J. 2009, 15, 12807–12818. (c) Cui, Y.; Tu, W.; Floreancig, P. E. 
Tetrahedron 2010, 66, 4867–4873; d) Fuwa, H.; Kawakami, M.; Noto, K.; Muto, T.; Suga, Y.; Konoki, K.; Yotsu-
Yamashita, M.; Sasaki, M. Chem. Eur. J. 2013, 19, 8100–8110. 
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delivered macrolactone intermediate 3.7 in 18% overall yield. Selective oxymercuration of the 
pyran olefin followed by an acylation with bis(2,2,2-trifluoreethyl)phosphonoacetic acid gave 
phosphonoacetate 3.8 in 62% yield over two steps. This intermediate was subjected to a Still-
Gennari olefination with the corresponding aldehyde 3.9 to establish the Z acrylate of (+)-
neopeltolide with 7:1 Z:E selectivity and overall the natural product was accessed in 19 steps for 
the longest linear sequence from 3.3. 
O
O O
OMe
1) Hg(O2CCF3)2, then NaBH4
2) (CF3CH2O)2P(O)CH2CO2H
EDC, HOBT
62% yield (2 steps)
O
OMe
MesO2SO
O
nPrOSiMe2Ph
OTMS
OSO2Mes
MeO
O
OH
O Me O
nPr
OO OMe
TfOH, -78 oC
75% yield
10 steps 5 steps
O
O O
OMe
O
O
P(F3CH2CO)2
O
Scheme 3.1: Panek's Total Synthesis of Neopeltolide
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 KHMDS
-78 oC
62% yield
(+)-neopeltolide +
O3.9  
Shortly after the first total synthesis of (+)-neopeltolide achieved by Panek, Scheidt and 
co-workers reported a total synthesis of the natural product involving an intramolecular Lewis 
acid-catalyzed cyclization to access the tetrahydropyran moiety and the macrocyclic ring in one 
step (Scheme 3.2).5a Starting from a Ti(IV)-catalyzed aldol reaction between dienoxysilane 3.10 
and aldehyde 3.11, dioxinone 3.12 was obtained in 63% yield and 94:6 er. It was transformed to 
the corresponding dioxinone 3.13 through a protection/deprotection/oxidation sequence. 
Fragment 3.15 was synthesized in eight steps from ketoester 3.14, starting with a Noyori 
hydrogenation reaction. Coupling of carboxylic acid 3.13 with alcohol 3.15 was accomplished by 
Yamaguchi esterification. Subsequent deprotection and oxidation led to dioxinone aldehyde 3.16 
in 69% yield. The key step of this synthesis is the intramolecular Prins cyclization promoted by 
  Chapter 3, Page 
 
267 
scandium triflate, through an oxonium species generated from aldehyde 3.16. Although the 
tricyclic dioxinone 3.17 was only obtained in 21% yield, a high degree of complexity was 
generated in a single unprecedented step. Neopeltolide macrolactone 3.18 was then accessed in 
two steps. A Mitsunobu esterification with Z acrylic acid 3.19 afforded (+)-neopeltolide and 
overall the natural product was accessed in 15 steps for the longest linear sequence from 3.14.  
O O
OTMS
O
OOH
O
O
OOTBS
HO
O
OTBSO
+
Ti(OiPr)4
(S)-BINOL
63% yield
94:6 er
3 steps
O O
OEt 8 steps
OH OMe
OTBS
OH
O O
OMe
1) Cl3C6H2COCl
DMAP
2) HF-Py
3) TEMPO
PhI(OAc)2
69% yield
O O
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O
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21% yield
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O O
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O
1) DMSO, H2O, 130 oC
2) NaBH4, MeOH
76% yield
Scheme 3.2: Scheidt's Total Synthesis of Neopeltolide
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Among other approaches to (+)-neopeltolide or its macrolactone, three of them involved 
a macrocyclic ring-closing metathesis (RCM) reaction to construct the fourteen-membered 
macrolactone unit. In 2010, Fuwa and co-workers developed their second-generation synthesis 
towards the neopeltolide macrolactone based on an RCM strategy (Scheme 3.3).8e Homoallylic 
alcohol 3.20, obtained from Brown allylation of cinnamaldehyde, was transformed to 3.21 in 
three steps. Olefin cross-metathesis (CM) with methyl acrylate (30 equivalents) using 5 mol % of 
the Grubbs 2nd generation catalyst delivered the corresponding E enoate 3.22 in 82% yield. 
Tetrahydropyran 3.23 was then accessed in 4 steps, involving an oxy-Michael addition at 100 oC, 
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which afforded the thermodynamically favored cis isomer of 2,6-substituted pyran. Coupling 
under Yamaguchi conditions with known alcohol 3.24 led to the formation of diene 3.25 in 94% 
yield. Treatment with 30 mol % Grubbs 2nd generation catalyst in the presence of 1,4-
benzoquinone at 100 oC after 24 hours furnished the desired trisubstituted Z macrocyclic alkene 
3.26 as a single isomer. Subsequent hydrogenation occurred from the less hindered face of the 
molecule, affording neopeltolide macrolactone 3.18 in 93% yield. Overall, the synthesis of 
macrolactone was accomplished in a longest linear sequence of 12 steps. 
O
O O
OMe
Pd/C 
Pd(OH)2/C
H2, EtOH
93% yield
O
O O
OMe
OH OBOM
O
OMeO
OBOM
O
Ph
TBSO
OH
PhHO Ph
Ru
NMesMesN
Cl
Cl
Ph
PCy3
5 mol %
30 equiv
methyl acrylate
TBSO
OH
Ph
Ru
NMesMesN
Cl
Cl
Ph
PCy3
30 mol %
benzoquinone,
toluene, 100 oC
Scheme 3.3: Fuwa's Synthesis of Neopeltolide Macrolactone by Ring-Closing Metathesis (RCM)
3 steps
82% yield
85% yield
OMeOH
3.20 3.21 3.22
3.253.263.18
MeO2C
+
O
OH
OBOM
O
Ph
3.23
4 steps
3.24
Yamaguchi
94% yield
 
Another RCM-based approach to (+)-neopeltolide macrolactone was reported by She in 
2011 (Scheme 3.4).9h An iridium-catalyzed double enantioselective allylation of 1,3-propanediol 
(3.27) delivered the C2-symmetric diol 3.28 in 70% yield. Subsequent palladium-catalyzed 
intramolecular alkoxycarbonylation followed by protection of the secondary alcohol furnished 
tetrahydropyran 3.29 in 75% yield. Olefin isomerization of the terminal alkene in 3.29 was 
achieved with Grubbs 2nd generation catalyst in methanol, resulting in the formation of the 
desired internal alkene 3.30. For the rest of the molecule, Weinreb amide 3.32 was accessed in 
four steps from valinol (3.31), which was further transformed to fragment 3.24 in another five 
steps. Similar to Fuwa’s approach, an intermolecular esterification was utilized to deliver diene 
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substrate 3.33 in 91% yield. RCM using 20 mol % of Hoveyda-Grubbs 2nd generation catalyst 
followed by a hydrogenation afforded neopeltolide macrolactone 3.18 in 52% yield. 
Scheme 3.4: She's Synthesis of Neopeltolide Macrolactone by Ring-Closing Metathesis (RCM)
OH
NH2
O
O O
OMe
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O
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OBn
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40 mol % Cs2CO3
20 mol % 4-Cl-3-NO2-BzOH
allylacetate, 110 oC, 72 h
1) PdCl2, CuCl2
CO, MeOH
2) BnO(NH=C)CCl3
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Cl
Cl
Ph
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1) 10 mol %
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85% yield
2) LiOH
70% yield
75% yield
+
Me
NO2
O
O O
Me
NO2
Ru
Oi-Pr
NMesMesN
Cl
Cl
2) Pd/C, H2, EtOH
52% yield
DMAP
91% yield
 
More recently, Sharma and co-workers have demonstrated a different RCM route to (+)-
neopeltolide macrolactone (Scheme 3.5).9i Starting from chiral aldehyde 3.34, derived from L-
malic acid, alcohol 3.35 was accessed in 16 steps. Chiral alcohol 3.36, also derived from L-malic 
acid by six chemical transformations, was converted to acid fragment 3.37 in another 13 steps. 
The two fragments were coupled with DCC, delivering diene substrate 3.38 in 67% yield. RCM 
was promoted by 10 mol % of Grubbs 2nd generation catalyst, generating the corresponding 
fourteen-membered macrolactone; a subsequent deprotection afforded 3.39 in 59% yield. After 
extensive studies, they found oxymercuration with Hg(OCOCF3)2 to be the most effective 
method for the formation of 2,6-cis-tetrahydropyran 3.40. Demercuration of 3.40 with AIBN and 
tributyltin hydride, followed by a final deprotection of the MOM ether, afforded neopeltolide 
macrolactone 3.41 in 80% yield. 
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Scheme 3.5: Sharma's Synthesis of Neopeltolide Macrolactone by Ring-Closing Metathesis (RCM)
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As mentioned above, the side chain of (+)-neopeltolide is identical to the side chain of 
leucascandrolide A, thus synthetic strategies towards the oxazole-containing side chain have 
been studied during the total synthesis of leucascandrolide A. In 2000, the Leighton group 
reported the first total synthesis of leucascandrolide A (Scheme 3.6).11 The synthesis of the side 
chain began with carbamate 3.42, readily prepared from propargylamine and methyl 
chloroformate. Treatment of the alkyne with n-butyllithium followed by quenching with CO2 
provided the ynoic acid, which was accordingly subjected to a Lindlar reduction to form the Z 
enoic acid 3.43 in 73% yield. Coupling of 3.43 with serine methyl ester afforded the 
corresponding amide, which was transformed to oxazole 3.44 in two steps following the 
procedure developed by Wipf and Williams.12 Reduction of the methyl ester followed by 
bromination led to bromide 3.45 in 71% yield. A palladium-catalyzed Stille coupling with 
vinyltributyltin accomplished a two-carbon elongation, furnishing the allyloxazole 3.46 in 82% 
yield. Hydroboration/oxidative work-up of the terminal olefin of 3.46 followed by a Swern 
oxidation afforded aldehyde 3.9 in 71% yield. This intermediate was subjected to a late stage 
                                                
(11) Hornberger, K. R.; Hamblett, C. L.; Leighton, J. L. J. Am. Chem. Soc. 2000, 122, 12894–12895. 
(12) Phillips, A. J.; Uto, Y.; Wipf, P.; Reno, M. J.; Williams, D. R. Org. Lett. 2000, 2, 1165–1168. 
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Still-Gennari olefination, generating the acrylate unit in a moderate Z selectivity (7:1 Z:E, 
Scheme 3.1).4 
NH
OMe
O
N
O
O
Pd2dba3I
tri(2-furyl)phosphine
nBu3SnCH=CH2
82% yield
1) DIBAL-H
2) CBr4, PPh3
lutidine
71% yield
Scheme 3.6: Leighton's Synthesis of Aldehyde 3.9
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3) BrCCl3, DBU
48% yield
NH
OMe
O
N
O
3.45
Br
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Soon after the first approach reported by Leighton’s group, Wipf and co-workers 
disclosed a similar approach to the oxazole side chain in 2001 (Scheme 3.7).13 Ynoic acid 3.47 
was coupled with amino alcohol 3.48 to give amide 3.49 in 82% yield. The primary alcohol was 
oxidized with Dess-Martin reagent; cyclodehydration of the resulting aldehyde followed by 
elimination with DBU delivered oxazole 3.50 in 32% yield. The resulting alkyne intermediate 
was converted to the Z alkene under Lindlar hydrogenation condition and alcohol 3.51 was 
obtained in 60% yield after the removal of the silyl ether. Oxidation followed by a Still-Gennari 
olefination afforded the leucascandrolide side chain methyl ester 3.52 as a single stereoisomer in 
36% yield. 
                                                
(13) Wipf, P.; Graham, T. H. J. Org. Chem. 2001, 66, 3242–3245. 
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Scheme 3.7: Wipf's Synthesis of Leucascandrolide Side Chain Methyl Ester 3.52
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Instead of forming the 2,4-oxazole unit by cyclodehydration from the hydroxyamide, 
Panek’s group developed a different route towards the leucascandrolide side chain methyl ester 
3.52 highlighting the power of Pd-catalyzed cross coupling reactions (Scheme 3.8).14 The key 
intermediate, 4-alkyl-2-triflyloxazole 3.54 was prepared in five steps from 4-penten-1-ol 3.53. A 
sonogashira coupling of 3.54 with alkyne 3.42 in the presence of 10 mol % Pd(PPh3)4 proceeded 
smoothly, providing the desired product 3.55 in 84% yield. It is noteworthy that the 2-
triflyloxazole intermediate 3.54 is relatively chemically unstable and prone to decomposition 
under reaction conditions. A straightforward sequence was then used to complete the synthesis of 
methyl ester 3.52. Similar to previous approaches, the alkyne was converted to Z olefin by a 
Lindlar reduction and the second Z olefin was installed through a Still-Gennari olefination. 
Synthesis of alkynyloxazole substrate by Sonogashira coupling was proved to be an effective 
method for the synthesis of this fragment. Patterson15 and Roulland8g have applied similar 
strategies based on Sonogashira coupling of the triflate in their total syntheses towards 
leucascandrolide and neopeltolide, respectively. 
                                                
(14) Dakin, L. A.; Langille, N. F.; Panek, J. S. J. Org. Chem. 2002, 67, 6812–6815. 
(15) (a) Paterson, I.; Tudge, M. Angew. Chem., Int. Ed. 2003, 42, 343–347. (b) Paterson, I.; Tudge, M. Tetrahedron 
2003, 59, 6833–6849. 
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N
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84% yield
1) Lindlar's Catalyst
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2) TBAF/HOAc
80% yield
HO
5 steps
Scheme 3.8: Panek's Synthesis of Leucascandrolide Side Chain Methyl Ester 3.52
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Kozmin and co-workers utilized a rhodium-catalyzed protocol for the oxazole ring 
formation (Scheme 3.9).16 Carbamate 3.42 was converted to alkynylnitrile 3.56 in two steps. 
Subjection of nitrile to diazomalonate 3.57 in the presence of catalytic amount of Rh2(OAc)2, 
followed by desilylation, afforded oxazole 3.58 in 60% yield. Bromide 3.45 was obtained after 
three chemical transformations. Alkylation of the lithium enolate of N-acetylimine, derived from 
acetaldehyde, with bromide 3.45 efficiently delivered the two-carbon extended aldehyde. Still-
gennari olefination, followed by saponification, completed the synthesis of Z acrylic acid unit 
3.19 in 11:1 stereoselectivity. Mitsunobu esterification of intermediate 3.19 and the macrolactone 
was utilized in several total synthesis of (+)-neopeltolide, such as the report by Scheidt and co-
workers (Scheme 3.2).5a 
3 steps
N
2) (CF3CH2O)2P(O)CH2CO2Me
KHMDS, 18-Crown-6
3) LiOH
HO
NH
OMe
O
O
N
O
57% yield
Scheme 3.9: Kozmin's Synthesis of Leucascandrolide Side Chain 3.19
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(16) Wang, Y.; Janjic, J.; Kozmin, S. A. J. Am. Chem. Soc. 2002, 124, 13670–13671. 
  Chapter 3, Page 
 
274 
	  
3.3	  Synthesis	  Plan	  
When we started our work towards (+)-neopeltolide, a large number of studies had been 
disclosed, presenting a high standard for us to identify an efficient and innovative route. As 
shown in Scheme 3.10, our retrosynthetic analysis starts with a disconnection at the ester bond as 
ultimate step, the same as some of the previously reported approaches, dividing the molecule into 
two parts: macrolactone 3.18 and oxazole-containing side chain 3.19. The fourteen-membered 
macrolactone, containing all the stereogenic centers of the molecule, would be established by a 
catalytic ring-closing metathesis (RCM) reaction followed by a diastereoselective hydrogenation 
of the olefin, from diene 3.59, readily assessable from alcohol 3.24 and chiral carboxylic acid 
3.60. The hydroxyl group of 3.24 would be installed by a boron conjugate addition to the 
unsaturated Weinreb amide 3.61, whereas the chiral pyran-containing carboxylic acid unit can be 
obtained from an enantioselective ring-opening/cross-metathesis (ROCM) reaction of oxabicycle 
3.62 and an enol ether, as discussed in Chapter 1. 
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Scheme 3.10: Retrosynthetic Analysis of (+)-Neopeltolide
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There are two Z olefins in the oxazole-containing side chain 3.19, which will be 
constructed by two sequential Z-selective olefin cross-metathesis (CM) reactions. Because of the 
possibility of Z to E olefin isomerization (as discussed in Chapter 2) under metathesis reaction 
conditions, the more hindered one (the vinyl oxazole olefin) would be prepared first. 
Accordingly, Z to E isomerization of the Z vinyl oxazole olefin can be minimized during the CM 
reaction of diene 3.63, precursor to the side chain. A Suzuki cross coupling reaction with Z 
(pinacolato)alkenylboron [alkenyl-B(pin)] 3.64, readily available from a Z selective cross-
metathesis reaction, would generate diene 3.63. This approach highlights several new synthetic 
methodologies developed in the Hoveyda group: the enantioselective boron conjugate addition to 
an unsaturated carbonyl compound, the enantioselective ring-opening/cross-metathesis (ROCM) 
reaction with an enol ether, formation of trisubstituted Z olefins by Mo-catalyzed macrocyclic 
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ring-closing metathesis (RCM) and two Z-selective cross-metathesis reactions with vinyl-B(pin) 
or with other aliphatic olefins. 
 
3.4	  Synthesis	  of	  Neopeltolide	  Macrolactone	  3.18	  
3.4.a	   Synthesis	   of	   Alcohol	   Fragment	   3.24	   and	   Enantioselective	   C–B	   Bond	  
Formation:	   (Pinacolato)boron	  Conjugate	  Addition	  to	  α ,β-­‐Unsaturated	  Weinreb	  
Amide	  
Due to the synthesis need, a chiral β-hydroxy Weinreb amide intermediate is required. 
Such compounds can be synthesized by Noyori hydrogenation of the β-ketoester5 or through 
acetate aldol reaction with a chiral auxiliary.8g More recently, enantioselective C–B bond 
formation processes delivering β-boryl carbonyls have been reported by several research groups, 
catalyzed by either Cu-based catalysts17 or organocatalysts, such as N-heterocyclic carbenes 
(NHCs). In 2012, Hoveyda group reported an NHC-catalyzed enantioselective (pinacolato)boron 
conjugate addition (BCA) process that is applicable to a wide substrate range, including 
unsaturated Weinreb amide-containing substrate. 18  Therefore, we decided to study 
enantioselective BCA of Weinreb amide 3.61 (Table 3.1) with various chiral NHC catalysts 
developed in the group.19 
                                                
(17) For representative examples of Cu-catalyzed enantioselective (pinacolato)boron conjugate additions, see: (a) 
Lee, J.-E.; Yun, J. Angew. Chem., Int. Ed. 2008, 47, 145–147. (b) Feng, X.; Yun, J. Chem. Commun. 2009, 6577–
6579. (c) Chen, I.-H.; Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 11664–11665. (d) 
O’Brien, J. M.; Lee, K.-S.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 10630–10633. (e) Lee, J. C. H.; McDonald, 
R.; Hall, D. G. Nature Chem. 2011, 3, 894–899. 
(18) Wu, H.; Radomkit, S.; O’Brien, J. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 8277–8285. 
(19) Besides reference 17, only one Cu-catalyzed protocol has been reported: Hirsch-Weil, D.; Abboud, K. A.; Hong, 
S. Chem. Commun. 2010, 7525–7527. 
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N
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N
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a Reactions carried out under N2. b Determined by analysis of 
400 MHz 1H NMR spectra of unpurified mixtures. c Yields of 
purified products. d Determined by chiral HPLC analysis.
entry Conv. (%)b; Yield (%)c erd
1
2
3
4
Catalyst
3.67
3.68
3.69
3.70
88; 75
95; 85
93; 79
98; 87
72:28
95:5
73:27
86:14
Table 3.1: Catalyst Screening for NHC-Catalyzed Conjugate Boron Addition
N
Ph Ph
N
BF4
i-Pr i-Pr
3.61 3.65
B
O
O
B
O
O
3.66
+
3.683.67 3.69 3.70  
Based on the results in the aforementioned methodology study, several chiral 
imidazolinium salts, precursors to the corresponding NHC catalysts, were examined for the 
reaction between Weinreb amide 3.61 and bis(pinacolato)diboron [B2(pin)2] 3.65 (Table 3.1). In 
the presence of DBU, the chiral NHC catalyst is generated in situ and converted to NHC–boron 
complex upon the treatment of B2(pin)2.20 In the presence of 7.5 mol % imidazolinium salt 3.67, 
the desired β-boryl Weinreb amide 3.66 is obtained in 75% yield, but only 72:28 er (entry 1, 
Table 3.1). Replacement of an o-phenyl subunit of 3.67 with a larger mesityl group (catalyst 3.68) 
improves efficiency as well as the enantioselectivity of the reaction (85% yield, 95:5 er, entry 2, 
Table 3.1). Other types of catalysts, such as the C2-symmetric imidazolinium salt 3.69, affords 
3.66 in a lower enantioselectivity (73:27 er, entry 3, Table 3.1). Increasing the size of substituent 
on the nitrogen of 3.69 leads to similar results; nonetheless, with an imidazolinium salt bearing a 
smaller nitrogen substituent (3.70), the product is generated in 86:14 er (entry 4, Table 3.1). As 
                                                
(20) For a review on NHC-boran complexes, see: Curran, D. P.; Solovyev, A.; Makhlouf-Brahmi, M.; Fensterbank, 
L.; Malacria, M.; Lacote, E. Angew. Chem., Int. Ed. 2011, 50, 10294–10317. 
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summarized in Table 3.1, overall, C1-symmetric imidazolinium salt 3.68 is the optimal catalyst 
for this process. 
Me3O-BF4, proton sponge
OBz
Me OMe
OOH
N Me
OMeNaBO3
THF-H2O
22 oC, 4 h
KOH, MeOH
40 oC, 12 h
OBz
Me OH
ClMg1)
2) SmI2, PhCHO, THF, -30 oC, 1 h
!"#$%&'()$*+$,-'.,/00#$%&'()
OB
N Me
OMe
O O
Me Me
!1#$%&'()
Scheme 3.11: Synthesis of Alcohol Fragment 3.24
3.66 3.71
OH
Me OMe
02#$%&'()
THF, 0 oC, 1 h
3.72
CH2Cl2, 22 oC, 12 h 3.73 3.24
 
Because the Lewis-basic functionality neighboring to the boron substituent may result in 
decomposition of the alkyl-boron bond,21 β-boryl Weinreb amide 3.66 is immediately oxidized 
to the corresponding β-hydroxyl Weinreb amide 3.71 in quantitative yield with NaBO3 (Scheme 
3.11).22 Grignard addition to 3.71 generates the corresponding β-hydroxyl ketone, presumably an 
unstable intermediate. Thus the crude mixture is subjected to a samarium-catalyzed 
intramolecular Evans-Tischenko reduction,23 delivering anti diol monoester 3.72 in 75% yield 
over two steps. Only 30 mol % of SmI2 is necessary for the transformation to proceed to over 
95% conversion. Subsequent methylation with proton sponge and Meerwein’s salt provide the 
methyl ether 3.73 in 74% yield. Deprotection of the benzoyl group with K2CO3 leads to the 
formation of alcohol fragment 3.24 in 98% yield. 
3.4.b	  RCM	  Study	  of	  Diene	  3.59	  and	  Synthesis	  of	  Neopeltolide	  Macrolactone	  3.18	  
                                                
(21) For an example of chelation between a carbonyl group and a β-boron, see: Sandrock, D. L.; Jean-Gerard, L.; 
Chen, C.-Y.; Dreher, S. D.; Molander, G. A. J. Am. Chem. Soc. 2010, 132, 17108–17110. 
(22) Lee, K.-S.; Zhugralin, A. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 7253–7255. 
(23) Evans, D. A.; Hoveyda, A. H. J. Am. Chem. Soc. 1990, 112, 6447–6449.  
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As described in Scheme 3.12, following the protocol of Mo-catalyzed enantioselective 
ring-opening/cross-metathesis (ROCM) reaction with enol ethers,24 as little as 0.6 mol % chiral 
Mo complex 3.75 is required to promote ROCM of oxabicycle 3.62 and n-butylvinyl ether 3.74 
within 10 minutes, generating the desired 2,4,6-trisubstituted pyran intermediate 3.76 in 88% 
yield and 99:1 er. Treatment of 3.76 with HCl hydrolyzes the enol ether unit to the corresponding 
aldehyde, which is immediately subjected to a Pinnick oxidation 25  without purification, 
generating chiral carboxylic acid 3.60 in 93% yield over two steps. Coupling of acid 3.60 with 
alcohol 3.24 affords the diene intermediate 3.59 in 88% yield. Macrocyclic RCM reaction with 
25 mol % Hoveyda-Grubbs 2nd generation catalyst delivers macrocyclic alkene 3.78 in 80% yield 
and the Z olefin is formed with complete stereocontrol, consistent with Fuwa and She’s 
observations. Finally, a palladium-catalyzed hydrogenation reaction results in the removal of 
benzyl protecting group as well as reduction of the trisubstituted alkene in 93% yield and 
extremely high diastereoselectivity (49:1 dr). Overall, the synthesis of neopeltolide macrolactone 
3.18 has been achieved in 10 steps for the longest linear sequence and 17 steps in total. 
                                                
(24) (a) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844–3845. (b) Yu, M.; 
Ibrahem, I.; Hasegawa, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 2788–2799. 
(25) Kraus, G. A.; Roth, B. J. Org. Chem. 1980, 45, 4825–4830. 
  Chapter 3, Page 
 
280 
0.6 mol %
C6H6
 22 °C
 10 minOn-Bu
N
Mo
O
N Ph
Br
TBSO Br
3.74
O
OMeO
OBn
Me
O
1) 1 M HCl, THF, 0 oC, 1 h
2) NaClO2, NaH2PO4 
THF-H2O, 22 oC, 12 h
O
OH
OBn
O
EDC, DMAP
CH2Cl2, 22 oC, 12 h
O
On-Bu
OBn
O
O
OMe
OBn
O
O
O O
OMe
OH
Me
Pd/C, H2
EtOH, 22 oC, 12 h
!"#$%&'()
*!+,$)-
Me
!"#$%&'()$./$01'203
44#$%&'()
3.60
3.183.59
3.76
OH
Me OMe
3.24
+
Ru
Oi-Pr
NMesMesN
Cl
Cl
25 mol %
toluene, 80 oC, 24 h
45#$%&'()6$7!4#$8 3.78
Scheme 3.12: Synthesis of Neopeltolide Macrolactone 3.18
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Though the macrolactone synthesis is accomplished in a convergent and efficient manner, 
the facile RCM of diene 3.59 depends on the use of 25 mol % Ru-based complex 3.77. Catalyst 
efficiency is always a critical concern in the synthetic community; particularly with 
transformations promoted by catalysts derived from ruthenium, which is relatively rare and 
increasingly precious metal. Consequently, during the efforts to complete the total synthesis, 
studies on this RCM reaction have been performed in order to identify a more efficient catalytic 
system for trisubstituted alkene formation. 
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a All reactions were performed at 7 torr vacuum unless otherwise noticed, delivering the desired product 
with >98% Z selectivity. b Determined by analysis of 400 MHz 1H NMR spectra of unpurified mixtures. c 
Yields of purified products. d Reaction was performed at ambient pressure for 24 hours.
3.82
3.81
entry Conv. (%)b
1
2
3
4
5
6
7
8
9
10
11
54
49
nd
nd
nd
64
77
86
84
89
84
Catalyst
3.77
3.79
3.75
3.80
3.81
3.82
3.83
3.84
3.85
3.86
3.86
65
55
5
17
22
75
81
95
91
98
94
3.59
10
10
10
10
10
10
10
10
10
10
7.5
Loading
(mol %)
Table 3.2: Catalyst Screening for Macrocyclic RCM Reaction of Diene 3.59a
d
O
OMeO
OBn
O
O
O
OMe
OBn
O
Catalyst
toluene
Yield (%)c
3.78
3.80
3.843.83 3.85
Ru
Oi-Pr
NMesMesN
Cl
Cl
Temperature
(o C)
3.77 (R)-3.753.79
3.86
80
80
22
22
22
22
22
22
22
22
22
Concentration
1 mM
1 mM
5 mM
5 mM
5 mM
5 mM
10 mM
10 mM
10 mM
10 mM
40 mM
d
 
As the data in entry 1 of Table 3.2 illustrate, when 10 mol % Hoveyda-Grubbs 2nd 
generation catalyst 3.77 is utilized, 65% disappearance of starting material is observed after 24 
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hours and desired product 3.78 is isolated in 54% yield. The use of Grubbs 2nd generation 
catalyst 3.79 results in a similar efficiency: RCM product is obtained in 49% yield (entry 2, 
Table 3.2). Besides Ru-based metathesis catalysts, Mo-based catalysts that we recently disclosed 
have been evaluated for this transformation; however, reactions with Mo monoaryloxide 
monopyrrolide (MAP) complexes,26 such as 3.75, 3.80 and 3.81, only proceed to less than 25% 
conversion (entries 3–5, Table 3.2). Though these complexes are effective to promote the 
formation of disubstituted olefins, either in cyclic or acyclic systems, they are not active enough 
to generate the sterically more hindered trisubstituted olefins. In stark contrast, Mo bis-alkoxide 
complex 3.82 is capable of delivering the desired ring closure in 75% conversion and 64% yield 
(entry 6, Table 3.2), presenting a higher catalytic efficiency than all MAP complexes studied. 
Comparing bis-alkoxide complex 3.82 with MAP complex 3.81, the only difference between 
these two complexes is that 3.81 has one pyrrolide ligand and one alkoxide ligand, whereas the 
former one has two alkoxide ligands. This certainly leads us to suggest the increased Lewis 
acidity at the metal center enhances the catalyst activity for this RCM reaction. Based on a 
contemporary study of catalyst development for Z-selective RCM approach to epothilone B,27 
the Hoveyda group has identified a new class of Mo bisaryloxide catalysts. As the results in 
entry 7 of Table 3.2 indicate, with 10 mol % of such a Mo catalyst 3.83, macrolactone 3.78 is 
obtained in 77% yield. Complex 3.84, bearing a pentafluorophenylimido ligand rather than a 
mono-CF3 arylimido ligand in 3.83, further enhances the efficiency of the reaction: RCM 
proceeds to 95% conversion and 86% yield (entry 8, Table 3.2). Similar results are observed with 
catalyst 3.85 (91% conversion, 84% yield, entry 9, Table 3.2). Finally, complex 3.86, containing 
                                                
(26) (a) Singh, R.; Schrock, R. R.; Muller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 12654–12655. (b) 
Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature 2008, 456, 933–937. (c) 
Sattely, E. S.; Meek, S. J.; Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 943–
953. 
(27) Wang, C.; Haeffner, F.; Schrock, R. R.; Hoveyda A. H. Angew. Chem., Int. Ed. 2013, 52, 1939–1943. 
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a smaller TES protecting group instead of a TBS group, is identified to be the optimal catalyst 
for this RCM reaction; the desired product is isolated in 89% yield (entry 10, Table 3.2). Even 
with only 7.5 mol % catalyst 3.86, reaction under more concentrated conditions (40 mM vs 10 
mM) still delivers 3.78 in 84% yield (entry 11, Table 3.2). 
3.4.c	   Synthesis	   of	   the	   Other	   Diastereomer	   of	   Neopeltolide	  Macrolactone	   and	  
Related	  Studies 
In order to study an alternative acylation approach to neopeltolide, the other diastereomer 
of neopeltolide macrolactone has been synthesized following the same route (Scheme 3.13). 
Chiral enol ether 3.87 is obtained in 88% yield and 95:5 er by Mo-catalyzed enantioselective 
ROCM, which is hydrolyzed to aldehyde with HCl. Subsequent Pinnick oxidation, provides the 
chiral carboxylic acid 3.88 in 80% yield over two steps. Esterification with alcohol 3.24 delivers 
diene substrate 3.89 in 90% yield. RCM with Mo-based bisaryloxide catalyst 3.84, affords 
macrocyclic alkene intermediate 3.90 in 78% yield. Comparing with the RCM of diene 3.59, the 
lower yield is due to the competing dimerization process of 3.89. Pd-catalyzed hydrogenation 
leads to the formation of macrolactone 3.91 in 73% yield; however, product is generated in only 
4:1 dr, a much lower diastereoselectivity than the 49:1 dr obtained in the preparation of 3.78. 
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Scheme 3.13: Synthesis of Neopeltolide Macrolactone 3.91
 
According to the studies by Floreancig9c and Fuwa9e towards a derivative of macrocyclic 
alkene 3.78, molecular modeling suggests the hydrogenation should occur from the Si face of the 
trisubstituted olefin, which is less sterically hindered than the Re face of the substrate. This 
theory can account for the relatively higher diastereoselectivity observed from the hydrogenation 
of 3.78 as well as the lower selectivity obtained from 3.90, which has a large benzyl ether to 
block the top face of the substrate. To further probe this principle, two other related substrates 
were accordingly prepared and studied in the Pd-catalyzed hydrogenation reaction (Scheme 3.14). 
Silyl-protected macrocyclic alkene 3.92 was synthesized following the same route and subjected 
to a hydrogenation reaction. The desired macrolide 3.93 is formed in 79% yield and 12:1 dr, and 
converted to 3.18 by the treatment with HF-NEt3 complex for TBS deprotection. In stark contrast, 
hydrogenation of alcohol 3.94, in which the silyl-ether has been removed at an earlier stage, 
delivers the subsequent hydrogenation product 3.18 in 3:1 dr. Such a difference in 
diastereoselectivity suggests significant conformational difference between 3.92 and 3.94. 
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Scheme 3.14: Hydrogenation Studies of Other Neoepeltolide Substrates
 
	  
3.5	  Synthesis	  of	  Neopeltolide	  Side	  Chain	  3.19	  and	  Completion	  of	  the	  Synthesis	  
3.5.a	  Recent	  Advances	  in	  Catalytic	  Z-­‐Selective	  Olefin	  Cross-­‐Metathesis	  Reactions	  
As mentioned above, the oxazole-containing side chain 3.19 was planned to be prepared 
by two sequential Z-selective olefin cross-metathesis (CM) reactions, transformations recently 
developed from Hoveyda group. Accessing Z olefins by CM between two structurally distinct 
alkenes is challenging and important. As discussed in previous chapters, the difficulty is not only 
the control of kinetic selectivity in CM but also the minimization of Z to E isomerization of the 
thermodynamically unfavored disubstituted Z olefins. 
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Scheme 3.15: Z-Selective Cross-Metathesis Reactions with Enol Ethers and Allylic Amides
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In 2011, the first examples of Z-selective CM reaction were reported with Mo-based 
MAP complexes; both Z enol ethers and Z allylic amides were prepared by this class of 
transformation (Scheme 3.15).28 As disclosed in Scheme 3.15–A, alkyne-containing terminal 
enol ether 3.95 underwent a CM reaction with commercially available 1-octadecene in the 
presence of 2.5 mol % Mo complex 3.80, delivering the desired Z vinyl ether 3.97 in 82% yield 
and with complete control over the olefin stereochemistry. This intermediate was elaborated to a 
precursor of the phosphatidycholine plasmalogen C18 (plasm)-16:0 (PC). A number of Z 
disubstituted enol ethers can be synthesized in equally efficient and Z-selective processes, but 
                                                
(28) Meek, S. J.; O’Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 471, 461–466. 
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usually with an excess of the alkyl- or aryl-substituted enol ether as cross-partner (3.99–3.102, 
Scheme 3.15). 
Allylic amides serve as another class of substrates for effective Z-selective CM with a 
number of terminal aliphatic olefins (Scheme 3.15–B). CM reaction involving enantiomerically 
enriched bis-Boc protected allylic amide 3.103 and 1-hexadecene generated the corresponding Z 
alkene 3.105 in 85% yield and 96% stereoselectivity. The resulting Z olefin is requisite for the 
subsequent diastereoselective dihydroxylation to install the hydroxyl groups of immunostimulant 
KRN7000, a synthetic analogue of a natural galactosyl sphingolipid, whereas the isomeric E 
olefin leads to the incorrect stereochemistry at one of the carbinol centers.29 Other allylic amide 
substrates, such as enantiomerically enriched phthalamide, were examined in this transformation, 
providing the desired Z alkenes in efficient and stereoselective manner (3.107–3.110, Scheme 
3.15–B). Comparing to the aforementioned enol ether CM reactions, a higher catalyst loading 
and an increased concentration of aliphatic olefin cross partner (10 equivalents) are required. 
Such slower rate of the transformation may be due to the chelation of Lewis basic amide 
functionality with the transition metal center of the catalyst.30 
The ability of Mo-based catalysts to promote efficient CM reactions with α-substituted 
terminal alkenes was further exploited in the course of Z allylic ether synthesis.31 As the data in 
Scheme 3.16 indicates, disubstituted Z olefins bearing either a sterically demanding TBS or PMB 
protected allylic ether are prepared efficiently and with high stereoselectivity (3.111–3.114). 
Particularly, alkyne-containing molecules can be used as substrates in Z-selective metathesis 
                                                
(29) For a review on the synthesis of sphingosine and related molecules, see: Morales-Serna, J. A.; Llaveria, J.; Diaz, 
Y.; Matheu, M. I.; Castillon, S. Curr. Org. Chem. 2010, 14, 2483–2521. 
(30) For an example and spectroscopic examination of catalyst deactivation by a resident Lewis basic functional 
group in an metathesis reaction, see: Sattely, E. S.; Gortez, G. A.; Moebius, D. C.; Schrock, R. R.; Hoveyda, A. H. J. 
Am. Chem. Soc. 2005, 127, 8526–8533. 
(31) Mann, T. J.; Speed, A. W. H.; Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2013, 52, 8395–8400. 
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processes, as acetylene functionality is known for catalyst deactivation and synthesis of such 
products through partial hydrogenation would likely to be problematic. Anti-cancer and 
immunosuppressive agent falcarindiol was accordingly assembled from Z allylic alcohol 3.117, 
prepared by CM in 80% yield and 92% stereoselectivity from silyl ether 3.115; subsequent Cu-
catalyzed cross-coupling between 3.117 and bromoalkyne 3.118 delivered the natural product in 
64% yield. 
TBSO
TIPS OH C7H15
OH
C7H15OH
falcarindiol!"#$%&'()
*+#$,
OH
Br
20 mol % CuI
HONH2•HCl, n-BuNH2, MeOH
C7H15
Scheme 3.16: Z-Selective Cross-Metathesis Reactions with Allylic Ethers
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Unsaturated organoboron compounds are another broadly utilized set of intermediates in 
chemical synthesis, and were accessed efficiently and stereoselectiviely through Z-selective CM 
reactions.32 W- and Mo-based MAP complexes can promote the formation of Z-(pinacolato)allyl- 
and Z-(pinacolato)alkenylboron moieties, respectively (Scheme 3.17). Z-allyl-B(pin) products, 
such as 3.123, are relatively difficult to isolate in high yield due to their high reactivity, thereby 
direct treatment with benzaldehyde after the reaction delivered the corresponding homoallylic 
alcohols, which were used to determine efficiency and stereoselectivity of CM reactions. A 
                                                
(32) Kiesewetter, E. T.; O’Brien, R. V.; Yu, E. C.; Meek, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 
2013, 135, 6026–6029. 
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variety of homoallylic alcohols were afforded efficiently and with high diastereoselectivity 
(>95:5 dr, 3.124–3.128, Scheme 3.17–A). Unlike other CM reactions, W-based complex 3.122 
appears to be the most effective catalyst to access Z-allyl-B(pin), partly because the relatively 
less active alkylidene (vs. the Mo-based variants) promotes a lower degree of post-metathesis 
isomerization of the sensitive Z olefin (as discussed in Chapter 2). 
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Scheme 3.17: Z-Selective Cross-Metathesis Reactions with Allylboron and Vinylboron Reagents
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As depicted in Scheme 3.17–C, another versatile class of organoboron reagents, Z-
alkenyl-B(pin), can be furnished by CM reactions between (pinacolato)vinylboron and aliphatic 
or aromatic olefins. With excess (pinacolato)vinylboron, disubstituted Z alkenyl-B(pin) were 
generated in CM reactions in the presence of Mo catalyst 3.80 (>93% Z, 3.129–3.132, Scheme 
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3.17). Mo-based complex 3.80 is the most effective catalyst for this transformation [vs the 
aforementioned allyl-B(pin) products], mainly because the more sterically demanding vinyl-
B(pin) needs a more active catalyst and the resulting hindered alkenyl-B(pin) products are less 
prone to olefin isomerization. CM reactions between vinyl-B(pin) and aromatic alkenes are the 
most sterically demanding variants. Therefore, the synthesis of aryl–substituted alkenyl-B(pin) 
compounds 3.133–3.136 requires the even more reactive Mo complex 3.75. 
3.5.b	  Synthesis	  of	  Diene	  Intermediate	  3.63 
Based on our recent development in Z-selective CM reactions, we envisioned one option 
of accessing diene fragment 3.63 could start from Z alkenyl-B(pin) 3.64 (Scheme 3.10), which 
could be generated by a CM reaction with excellent efficiency as well as selectivity. As the 
findings in entry 1 of Table 3.3 indicates, Z alkenyl-B(pin) 3.64 is obtained in 60% yield and 
89% stereoselectivity in the presence of 5 mol % Mo complex 3.80, a common catalyst for this 
class of transformations. Interestingly and to our surprise, Mo-based complex 3.75, which 
usually behaves better with aromatic olefin cross partners in alkenyl-B(pin) CM, further 
enhances the Z-selectivity to 98% (entry 2, Table 3.3). When CM reaction is performed on 1.5 
gram scale, only 1.8 mol % catalyst is necessary to deliver the desired Z alkenyl-B(pin) 3.64 in 
86% yield and as a single olefin isomer (entry 3, Table 3.3). W-based metathesis catalysts, such 
as 3.122 and 3.139, have been evaluated in this reaction; however, neither is capable of 
delivering significant amounts of the product, probably due to the Lewis basicity of the 
carbamate 3.137. 
  Chapter 3, Page 
 
291 
N
Mo
O Br
TBSO
Br
N
N
Mo
O Br
TBSO
Br
N Ph
benzene
22 oC, 24 h
a Reactions carried out under 100 torr vacuum. b Determined by 
analysis of 400 MHz 1H NMR spectra of unpurified mixtures. c 
Yields of purified products. d Reaction performed in 1.5 gram 
scale in the presence of 1.8 mol % 3.75.
1
2
3
4
5
3.80
3.75
3.75
3.122
3.139
75
76
95
9
24
89:11
98:2
>98:2
nd
95:5
Table 3.3: Catalyst Screening for the Synthesis of 3.64 by Cross-Metathesis Reaction
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Panek and co-workers have demonstrated trifloyloxazoles can be involved in Pd-
catalyzed Stille cross coupling reactions with vinylstannanes.33 According to this precedence, we 
initially planned to access diene 3.63 through a Suzuki cross-coupling between Z alkenyl-B(pin) 
3.64 and a trifloyloxazole component (Scheme 3.18). The synthesis starts from lithiation of 
methyl ketone 3.140, followed by the treatment of TMSCl, delivering the corresponding silyl 
enol ether. Subsequent epoxidation followed by a rearrangement, affords α-hydroxyl ketone 
3.141 in 64% yield. Treatment of 3.141 with a solution of phosgene in toluene, followed by 
exposure to aqueous ammonium hydroxide and brief acidification with concentrated sulfuric acid 
leads to oxazolone 3.142 in 71% yield.13 The resulting oxazolone is converted to trifloyloxazole 
                                                
(33) (a) Ref 13. (b) Schaus, J. V.; Panek, J. S. Org. Lett. 2000, 2, 469–471. 
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3.143 by the treatment with lutidine in the presence of trifluoromethanesulfonic anhydride 
(Tf2O). The triflate itself is quite unstable, which decomposes completely under inert atmosphere 
for a few hours. Suzuki coupling reactions are carried out under various conditions; however, no 
significant amount of product is detected in any case. In most cases, alkenyl-B(pin) 3.64 remains 
in the reaction mixture but triflate 3.143 completely decomposes.  
Scheme 3.18: Synthesis of 3.143 and Attempts on Suzuki Coupling
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Because of the instant instability of trifloyloxazole 3.143, an alternative route to diene 
3.63 was proposed involving a different Suzuki cross partner (Scheme 3.19). We envisioned 
diene 3.63 could be elaborated from alcohol intermediate 3.144, which may be assembled by 
Suzuki coupling between iodooxazole 3.145 and Z alkenyl-B(pin) 3.64. Because the synthesis of 
the corresponding halide (iodide or bromide) from 3.142 proved to be unsuccessful, the new 
approach beginning with 3.145 may avoid the stability issue of triflate 3.143. 
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Scheme 3.19: Alternative Route to Diene 3.63 by Suzuki Coupling
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As depicted in Scheme 3.20, treatment of ethyl 4-oxazole carboxylate (3.146) with 
DIBAL-H leads to the formation of the corresponding alcohol 3.147 in 88% yield. Subsequent 
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lithiation followed by the treatment of iodine generates 2-iodooxazole 3.145 in 65% yield.34 A 
significant amount of 5-iodooxazole byproduct (~30%) is observed in the crude mixture, 
suggesting part of the deprotonation is directed by the primary alkoxide group. Suzuki cross-
coupling35 between iodide 3.145 and Z alkenyl-B(pin) 3.64 is performed in the presence of 10 
mol % Pd(PPh3)4, delivering Z vinyl oxazole fragment 3.144 in 49% yield. Conversion of 3.144 
to the corresponding bromide is achieved under Appel type conditions (81% yield). Among all 
the possible approaches for such three-carbon chain extension, we identified CuCN-mediated 
Grignard displacement of the bromide provides the optimal solution, affording diene 3.63 in 70% 
yield. 
EtO N
O
O
DIBAL-H
THF N
O
HO
!!"#$%&'(
nBuLi, THF, -78 oC
then I2, -78 to 0 oC
)*"#$%&'(
10 mol % Pd(PPh3)4
CsCO3, THF, H2O
60 oC, 24 h
+,"#$%&'(
Scheme 3.20: Synthesis of Diene 3.63
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3.144 3.148 3.63  
A reliable route to the desired product 3.63 has been established; however, the efficiency 
of the unprecedented Suzuki coupling reaction is only moderate. Accordingly, we screened 
conditions with different combinations of catalysts and bases. As the data in entry 1 of Table 3.4 
indicates, utilizing Pd(PPh3)4 as the catalyst and Cs2CO3 as the base, vinyl oxazole 3.144 is 
generated in 49% yield. The involvement of Ag2O in the process is known to accelerate the 
                                                
(34) Vedejs, E.; Luchetta, L. M. J. Org. Chem. 1999, 64, 1011–1014. 
(35) For a review on cross-coupling reactions on azoles with two or more heteroatoms, see: Schnurch, M.; Flasik, 
R.; Khan, A. F.; Spina, M.; Mihovilovic, M. D.; Stanetty, P. Eur. J. Org. Chem. 2006, 3283–3307. 
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transmetallation by forming insoluble silver halide salt;36 however, fails to lead to improved 
results. The desired product is only obtained 30% yield and significant decomposition of iodide 
3.145 is observed (entry 2, Table 3.4). Reaction with CsF, another base known to accelerate the 
rate of Suzuki coupling, gives rise to the formation of 3.144 in 39% yield (entry 3, Table 3.4). 
Besides Pd(PPh3)4, other sources of Pd-based catalysts have been evaluated. The use of 
Pd2(dba)3 (in combination with PPh3) or Pd(PPh3)2Cl2 is inefficient for this transformation 
(<20% yield), whereas reaction proceeds to 60% yield with Pd(dppf)Cl2 and Cs2CO3 (entry 4–6, 
Table 3.4). Comparing our initial results with Pd(PPh3)4 (49% yield, Scheme 3.20), it suggests 
Pd(dppf)Cl2 might be a better catalyst for this transformation. When CsF is used in combination 
with Pd(dppf)Cl2, similar efficiency is observed (entry 7, Table 3.4). Finally, we discovered that 
the optimal result is secured with the combination of Pd(dppf)Cl2 as the catalyst and K3PO4 as 
the base, and 3.144 is obtained in 82% yield (entry 8, Table 3.4). 
                                                
(36) (a) Reddy, Y. K.; Falck, J. R. Org. Lett. 2002, 4, 969–971. (b) Robles, O.; McDonald, F. E. Org. Lett, 2009, 11, 
5498–5501. 
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10 mol % Cat
Base, THF
60 oC, 18 h
a Reactions carried out under N2 and THF-H2O (10:1) was used as 
solvent. b Determined by analysis of 400 MHz 1H NMR spectra of 
unpurified mixtures based on the consumption of 3.64. c Yields of 
purified products.
entry Conv. (%)b
1
2
3
4
5
6
7
8
Catalyst Base Yield (%)c
Pd(PPh3)4        Ag2O
Pd(PPh3)4       Cs2CO3
Pd(PPh3)4        CsF
Pd(dppf)Cl2      Cs2CO3
Pd(dppf)Cl2      CsF
Pd(dppf)Cl2      K3PO4
60              49
55              30
>95            39
45              34
37              nd
>90            60
>90            57
>95            82
NH
OMe
O
B
O
O
+
3.64
N
O
HO
I
3.145 HO
NH
OMe
O
N
O
3.144
Table 3.4: Condition Screening for the Synthesis of 3.144 by Suzuki Couplinga
Pd2(dba)3        Cs2CO3
Pd(PPh3)2Cl2   Cs2CO3
 
3.5.c	  Synthesis	  of	  Neopeltolide	  Side	  Chain	  3.19	  and	  Completion	  of	  the	  Synthesis 
The last problem remaining is to access Z enoic acid side chain 3.19 by a stereoselective 
CM reaction of diene 3.63. Initially, we tried to install the carboxylic acid functionality directly 
by performing an acrylate CM reaction (Scheme 3.21). CM reaction between diene 3.63 and t-
butyl acrylate, however, is inefficient for the formation of 3.150 with several Mo-based catalysts. 
For example, even in the presence of 15 mol % Mo catalyst 3.80 and three equivalents t-butyl 
acrylate, only 30% of 3.63 is consumed and Z-3.150 is obtained in 15% yield. The unexpected 
lower reactivity of the MAP complex may originate from the coordination of the carbonyl of 
acrylate alkylidene to the Lewis acidic metal center, as indicated by the related studies of 
tungsten complexes.37 
                                                
(37) Feldman, J.; Murdzek, J. S.; Davis, W. M.; Schrock, R. R. Organometallics 1989, 8, 2260–2265. 
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Scheme 3.21: Acrylate CM Route to Side Chain 3.19
3.80
3.149
!"#$%&'()$*+#$,-./0  
Consequently, to avoid the aforementioned catalyst deactivation, an alternative CM route 
was executed. The Z enoic acid unit can be accessed from the corresponding Z allylic alcohol, 
which becomes the target of the next phase of our study. As demonstrated in previous sections, 
allyl-B(pin), a surrogate to allylic alcohol, can be utilized as a substrate in CM reaction. CM 
reaction between diene 3.63 and allyl-B(pin) is promoted by 10 mol % W-based catalyst 3.122 
efficiently (Scheme 3.22). Upon subsequent oxidation, Z allylic alcohol 3.151 is isolated in 51% 
yield with 91% stereoselectivity. Higher catalyst loading improves the efficiency of the CM, 
however, Z to E olefin isomerization of both olefins is observed due to the increased availability 
of the catalyst. 
N
O
NH
OMe
O
3.151
2) NaBO3 THF, 22 oC, 4 h
1) 10 mol %
OH
!"#$#%&'()#*+$#,-./0)#1+$#2
(5 equiv) 3.122
W
O
N
t-Bu
N
Cl Cl
HO O
N
O
NH
OMe
O
3.19
B
O
O
3.120
NH
OMe
O
N
O
3.63
+
Scheme 3.22: Allyl-B(pin) CM Route to Side Chain 3.19
benzene
22 oC, 2 h
 
Recently, a new class of Ru-based catalysts has been disclosed for Z-selective ring-
opening of strained cyclic olefins,38 and as the latest results indicate, they are capable of 
promoting the formation of Z olefins in CM reactions. Accordingly, CM with allylic alcohol 
                                                
(38) (a) Khan, R. K. M.; Torker, S.; Hoveyda, A. H. J. Am. Chem. Soc. 2013, 135, 10258–10261. (b) Koh, M. J.; 
Khan, R. K. M.; Torker, S.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2014, 53, 1968–1972. 
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3.152, in the presence of 10 mol % Ru catalyst 3.153, proceeds to 85% conversion, delivering Z 
allylic alcohol 3.151 in 71% yield and 98% stereoselectivity (Scheme 3.23). Conversion of the 
alcohol to the Z enoic acid is carried out by a Dess-Martin oxidation to the corresponding Z enal, 
followed by an immediate subjection to Pinnick oxidation conditions. The desired neopeltolide 
side chain 3.19 is thus obtained in 75% yield over two steps.39 Finally, a Mitsunobu esterification 
between enoic acid 3.19 and macrolide 3.18 leads to the formation of (+)-neopeltolide in 74% 
yield. 
O
O
OMe
OH
Me
O
+
DIAD, PPh3
benzene
22 oC, 0.5 h
!"#$%&'()
1) DMP, NaHCO3, 22 oC, 1 h
2) NaClO2, NaH2PO4
t-BuOH/H2O, 22 oC, 12 h
!*#$%&'()$+,$-.'/-0
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Oi-Pr
NMesMesN
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SOHHO
O
O O
OMe
OO
N
HN
O
Me
(+)-neopeltolide (3.1)
O
OMe
N
O
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O
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Scheme 3.23: Allyl Alcohol CM Route to Side Chain 3.19 and the Completion of the Synthesis
THF
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HO O
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O
NH
OMe
O
3.19 3.18
Cl
Cl
 
 
3.6	  Conclusion 
A concise enantioselective synthesis towards anti-proliferative agent (+)-neopeltolide has 
been accomplished in 11 steps for the longest linear sequence and 28 steps in total. The synthesis 
highlights the utility of catalysis in complex natural product synthesis: eight catalytic methods 
                                                
(39) (a) Peixoto, P. A.; Severin, R.; Tseng, C.-C.; Chen, D. Y.-K. Angew. Chem., Int. Ed. 2011, 50, 3013–3016. (b) 
Chakraborty, T. K.; Laxman, P. Tetrahedron Lett. 2003, 44, 4989–4992. (c) Feutrill, J. T.; Lilly, M. J.; White, J. M.; 
Rizzacasa, M. A. Tetrahedron 2008, 64, 4880–4895. 
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have been applied in the synthesis, providing all the stereogenic centers as well as two Z olefins 
with excellent stereoselectivity (Scheme 3.24). Particularly, several Mo- or Ru-catalyzed Z- and 
enantioselective olefin metathesis reactions as well as enantioselective boron conjugate addition 
to an acyclic enoate catalyzed by a chiral N-heterocyclic carbene have proven to be effective for 
convergent construction of the molecule.  
Besides its six stereogenic centers, neopeltolide represents a demanding target because of 
the two Z olefins in its side chain. As originally intended, the most important novelty of our 
study incorporates the explorations of feasibility of stereoselective cross-metathesis reactions to 
solving such challenges. In spite of several abandoned approaches, we are delighted to find that 
sequential Z-selective CM reactions successfully achieved the formation of the two Z olefins. 
Our CM-based strategies not only solve the synthetic problems in neopeltolide, but should also 
provide guidance for accessing other complex natural products that contain one or more acyclic 
Z olefins. 
O
O
OMeMe
O Me
O OO
N
HN
OMe
O
!"#$%&%'()*+,-!
.
/+#$%&%'()*+,$0"11,$"23'456
72#$%&%'()*+,-!
!"#$%&%'()*+,78-!
!"#$%&%'()*+,7-!9/+#$%&%'()*+,:(+0"6*5%&4"5
;<-#$%&%'()*+,=>345?,$"5@26%&*,%++4&4"5 AB#$%&%'()*+,C*&"5*,0*+2$&4"5
Scheme 3.24: Catalysis-Based Approach to a Concise Total Synthesis of Neopeltolide
 
	  
3.7	  Experimental 
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General: Infrared (IR) spectra were recorded on a Bruker FTIR Alpha (ATR Mode) 
spectrometer, νmax in cm-1. Bands were characterized as broad (br), strong (s), medium (m), or 
weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 MHz) 
spectrometer. Chemical shifts were reported in ppm from tetramethylsilane with the solvent 
resonance resulting from incomplete deuterium incorporation as the internal standard (CDCl3: δ 
7.26 ppm, C6D6: δ 7.16 ppm, CD3OD: δ 3.31 ppm). Data were reported as follows: chemical 
shift, integration, multiplicity (s = singlet, d = doublet, q = quartet, br = broad, m = multiplet), 
and coupling constants (Hz). 13C NMR spectra were recorded on a Varian Unity INOVA 400 
(100 MHz) spectrometer with complete proton decoupling. Chemical shifts were reported in ppm 
from tetramethylsilane with the solvent resonance as the internal standard (CDCl3: δ 77.16 ppm, 
CD3OD: δ 49.00 ppm). High-resolution mass spectrometry was performed on a Micromass LCT 
ESI-MS and JEOL Accu TOF Dart (positive mode) at the Boston College Mass Spectrometry 
Facility. Enantiomer ratios were determined by chiral GLC analysis (Alltech Associated 
Chiraldex GTA column (30 m x 0.25 mm) in comparison with authentic racemic materials. 
Optical rotations were measured on a Rudolph Research Analytical Autopol IV Polarimeter.  
All substrates for metathesis reactions were dried by azeotropic distillation with C6H6 
prior to use in reactions with Mo- and W-based complexes. Solvents were purged with Ar and 
purified under a positive pressure of dry Ar by a modified Innovative Technologies purification 
system. Toluene (Doe & Ingalls), dichloromethane (Fisher), benzene (Aldrich) were passed 
successively through activated copper and alumina columns. Tetrahydrofuran was purified by 
distillation from sodium benzophenone ketyl immediately prior to use. All work-up and 
purification procedures were carried out with reagent grade solvents (purchased from Fisher) 
under bench-top conditions. 
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Reagents: 
Acetonitrile was purchased from Aldrich and used as received. 
Allylamine was purchased from Aldrich and used as received. 
Allylmagnesium chloride (2.0 M in THF) was purchased from Aldrich and titrated before use. 
Benzaldehyde was purchased from Aldrich and distilled over CaH2 prior to use. 
d6-Benzene was purchased from Cambridge Isotope Laboratories and distilled from Na into 
activated 4 Å molecular sieves prior to use. 
Benzyl bromide was purchased from Aldrich and distilled over CaH2 prior to use. 
[1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium (II) was purchased from Strem 
and used as received. 
Bis(pinacolato)diboron was purchased from Frontier and recrystallized in cold pentane prior to 
use. 
cis-2-Butene-1,4-diol was purchased from Aldrich and distilled over MgSO4 prior to use. 
tert-Butanol was purchased from Aldrich and used as received 
tert-Butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) was purchased from TCI and 
used as received. 
n-Butyllithium (1.6 M solution in hexane) was purchased from Strem and used as received. 
Butyl vinyl ether was purchased from Aldrich and distilled over CaH2 prior to use. 
Copper(I) cyanide was purchased from Strem and used as received. 
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d-Chloroform was purchased from Cambridge Isotope Laboratories and passed through basic 
alumina then stored in activated 4 Å molecular sieves prior to use. 
Dess-Martin periodinane was purchased from TCI and used as received 
1,8-Diazabicycloundec-7-ene was purchased from Aldrich and distilled over CaH2 prior to use. 
Diisobutylaluminium hydride (DIBAL-H) was purchased from Strem and used as received. 
Diisopropyl azodicarboxylate was purchased from Aldrich and used as received. 
Di-tert-Butyl dicarbonate was purchased from Alfa Aesar and used as received. 
4-(N,N-Dimethylamino)pyridine (DMAP) was purchased from Aldrich and used as received. 
N,O-Dimethylhydroxylamine hydrochloride was purchased from Aldrich and used as received. 
Ethanol was purchased from Aldrich and used as received. 
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was purchased from 
Advanced Chem. Tech. and used as received. 
Ethyl 4-oxazolecarboxylate was purchased from TCI and used as received. 
Hydrogen fluoride-pyridine complex was purchased from Aldrich and used as received. 
Hydrogen chloride solution (1.0 M in diethyl ether) was purchased from Aldrich and used as 
received. 
Iodine was purchased from Aldrich and used as received. 
2,6-Lutidine was purchased from Aldrich and distilled over CaH2 prior to use. 
Methanol was purchased from Aldrich and distilled over MgSO4 prior to use. 
d4-Methanol was purchased from Cambridge Isotope Laboratories and used as received. 
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2-Methyl-2-butene was purchased from TCI and used as received. 
Palladium on carbon was purchased from Aldrich and used as received. 
Potassium hydroxide was purchased from Alfa Aesar and used as received. 
Potassium phosphate tribasic was purchased from Alfa Aesar and used as received. 
Proton-sponge was purchased from Aldrich and used as received. 
Samarium iodide (0.1 M solution in THF) was purchased from Aldrich and used as received. 
Sodium perborate tetrahydrate was purchased from Aldrich and used as received. 
Sodium chlorite (technical grade) was purchased from Alfa Aesar and used as received. 
Sodium phosphate monobasic monohydrate was purchased from Aldrich and used as received 
Tetrabromomethane was purchased from Aldrich and used as received. 
Triethylamine was purchased from Aldrich and distilled over CaH2 prior to use. 
Triphenyl phosphine was purchased from Aldrich and used as received. 
Trimethyloxonium tetrafluoroborate was purchased from Aldrich and used as received. 
Vinylboronic acid pinacol ester was purchased from Aldrich and purified by silica gel 
chromatography followed by distillation over CaH2 prior to use. 
 
(R)-3-Hydroxy-N-methoxy-N-methylhexanamide (3.71). In an N2-filled glove box, a 
50 mL flask with a magnetic stir bar was charged with imidazolinium salt 3.68 (400 mg, 0.625 
mmol), DBU (379 mg, 2.49 mmol), and THF (20 mL). The mixture was allowed to stir at 22 oC 
for 30 minutes, at which time B2(pin)2 (2.33 g, 9.13 mmol) was added followed by the α,β-
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unsaturated Weinreb amide 3.61 (1.31 g, 8.30 mmol) and methanol (30 mL). The reaction 
mixture was taken out of the glove box and heated at 50 oC for 24 hours. A saturated aqueous 
solution of NH4Cl (30 mL) was added to quench the reaction and the aqueous fraction was 
washed three times with diethyl ether (20 mL). The combined organic layers were dried with 
Na2SO4 and concentrated by vacuum to afford yellow oil, which was passed through a thin pad 
of silica gel (2:1 hexanes: diethyl ether) to afford β-boryl Weinreb amide 3.66. The resulting 
crude mixture was dissolved in a mixture of THF and H2O (1:1, 20 mL), and was charged with 
sodium perborate tetrahydrate (4.81 g, 35.10 mmol). The mixture was allowed to stir at 22 oC for 
4 hours before the addition of a saturated aqueous solution of NH4Cl (20 mL). The layers were 
partitioned and the aqueous fraction was washed three times with ethyl acetate (20 mL). The 
combined organic layers were dried with Na2SO4 and concentrated by vacuum to afford colorless 
oil, which was purified by silica gel chromatography to afford 3.71 as colorless oil (1236mg, 
7.06 mmol, 85% yield). IR (neat): 3445 (br), 2958 (m), 2873 (m), 1638 (s), 1464 (m), 1387 (m), 
1179 (w), 1121 (w), 1072 (w), 999 (m); 1H NMR (400 MHz, CDCl3): δ 4.04–3.96 (1H, m), 3.75 
(1H, s), 3.66 (3H, s), 3.17 (3H, s), 2.63 (1H, d, J = 16.8 Hz), 2.42 (1H, dd, J = 16.4, 9.6 Hz), 
1.57–1.34 (4H, m), 0.91 (3H, t, J = 6.2 Hz); 13C NMR (100 MHz, CDCl3): δ 174.1, 67.7, 61.3, 
38.8, 38.3, 31.9, 18.8, 14.1; HRMS (ESI+) [M+H]+ calcd for C8H18N1O3: 176.1287, found: 
176.1284; [α]D20 +45.4 (c = 1.00, CHCl3) for an enantiomerically enriched sample of 95:5 er 
(90% ee). Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (OJ column, 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 254 nm; tr (major 
enantiomer) = 15.07 min, tr (minor enantiomer) = 13.13 min. 
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(4S,6S)-6-Methoxy-8-methylnon-8-en-yl benzoate (3.73). To a stirred solution of 
Weinreb amide 3.71 (1.16 g, 6.62 mmol) in THF (80 mL) at –78 oC was added a solution of 
methallylmagnesium chloride (0.48 M in THF, 69 mL, 33.1 mmol) in THF. The mixture was 
allowed to warm to –20 oC and stir for three hours. A saturated aqueous solution of NH4Cl (40 
mL) was added to quench the reaction and the aqueous fraction was washed three times with 
ethyl acetate (20 mL). The combined organic layers were dried with Na2SO4 and concentrated by 
vacuum to afford colorless oil. The crude mixture was dried by azeotropic distillation with C6H6 
three times prior to the use in the next step.  
To a solution of the crude ketone and freshly distilled benzaldehyde (2.80 g, 26.5 mmol) 
in THF (40 mL) at –10 oC was added a SmI2 solution (0.1 M in THF, 19.9 mL, 1.99 mmol) 
dropwise over a period of 10 minutes. The mixture was allowed to stir for one hour, and was 
quenched by the addition of a saturated aqueous solution of NaHCO3 (40 mL). The layers were 
separated and the aqueous fraction was washed three times with ethyl acetate (20 mL). The 
combined organic layers were dried with Na2SO4 and concentrated by vacuum to afford yellow 
# time (min) area area %  #        #                     time (min) area area % 
1 36.02 27237509 49.20 1 33.56 24891557 94.85 
2 38.28 28124007 50.80 2 36.32 1313453 5.15 
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oil, which was passed through a thin pad of silica gel (ethyl acetate) to give a crude mixture of 
3.72. The crude mixture was left under high vaccum overnight to remove most of the 
benzaldehyde, and was used in the next step without further purification.  
To a solution of aforementioned crude mixture of 3.72 in CH2Cl2 (30 mL) at 22 oC was 
added proton sponge (10.5 g, 48.8 mmol) followed by trimethyloxonium tetrafluoroborate (3.63 
g, 24.5 mmol). The resulting slurry was allowed to stir for 24 hours before being quenched with 
a saturated aqueous solution of CuSO4 (50 mL). The layers were partitioned and the organic 
fraction was diluted with EtOAc (50 mL) and washed three times with CuSO4 (50 mL). The 
organic fraction was washed with brine (30 mL), and was dried with Na2SO4 and concentrated 
by vacuum to afford yellow oil. The resulting crude mixture was purified by silica gel 
chromatography (8:1 hexanes: ethyl acetate) to afford 3.73 (single diastereomer) as slightly 
yellow oil (1.08 g, 3.72 mmol, 56% yield over three steps). IR (neat): 2961 (s), 2924 (s), 2852 
(s), 1709 (s), 1449 (m), 1378 (m), 1353 (s), 1183 (m), 1148 (m), 898 (w); 1H NMR (400 MHz, 
CDCl3): δ 8.04 (2H, d, J = 7.6 Hz), 7.55 (1H, dd, J = 7.6, 7.4 Hz), 7.44 (2H, dd, J = 8.0, 7.6 Hz), 
5.43–3.36 (1H, m), 4.80 (1H, s), 4.73 (1H, s), 3.40–3.32 (1H, m), 3.31 (3H, s), 2.37 (1H, dd, J = 
14.0, 4.8 Hz), 2.07 (1H, dd, J = 16.0, 6.4 Hz), 1.90–1.81 (1H, m), 1.72 (3H, s), 1.70–1.57 (3H, 
m), 1.42–1.35 (2H, m), 0.92 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 166.3, 142.6, 
132.9, 130.9, 129.7, 128.5, 113.1, 76.3, 72.2, 57.3, 42.3, 39.6, 37.5, 22.9, 18.7, 14.2; HRMS 
(ESI+) [M+H]+ calcd for C18H27O3: 291.1960, found: 291.1947; [α]D20 +13.7 (c = 1.05, CHCl3). 
 
(4S,6S)-6-Methoxy-8-methylnon-8-en-4-ol (3.24). To a solution of benzoate 3.71 (540 
mg, 1.86 mmol) in MeOH (90 mL) was added an aqueous solution of KOH (2.50 g in 20 mL 
H2O, 44.6 mmol). The reaction mixture was allowed to stir at 40 oC for 12 hours before being 
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quenched with water (40 mL). The mixture was washed twice with ethyl acetate (20 mL) and 
dichloromethane (20 mL). The combined organic layers were dried with Na2SO4 and 
concentrated by vacuum. The resulting crude mixture was purified by silica gel chromatography 
(3:1 hexanes: ethyl acetate) to afford alcohol 3.24 as colorless oil (340 mg, 1.83 mmol, 98% 
yield). IR (neat): 3428 (br), 3030 (w), 2952 (w), 1718 (s), 1629 (w), 1438 (m), 1317 (m), 1272 
(s), 1192 (s), 1146 (s), 1042 (s), 957 (m); 1H NMR (400 MHz, CDCl3): δ 4.80 (1H, s), 4.73 (1H, 
s), 3.92–3.86 (1H, m), 3.69–3.63 (1H, m), 3.37 (3H, s), 2.81 (1H, br, s), 2.43 (1H, dd, J = 13.8, 
5.8 Hz), 2.07 (1H, ddd, J = 13.8, 7.8, 0.8 Hz), 1.74 (3H, s), 1.66 (1H, ddd, J = 14.8, 9.4, 3.4 Hz), 
1.66 (1H, ddd, J = 14.6, 7.2, 2.8 Hz), 1.49–1.30 (4H, m), 0.92 (3H, t, J = 7.2 Hz); 13C NMR (100 
MHz, CDCl3): δ 142.6, 113.1, 77.9, 68.5, 56.9, 41.6, 40.1, 39.4, 22.9, 19.0, 14.3; HRMS (ESI+) 
[M+H]+ calcd for C11H23O2: 187.1698, found: 187.1701; [α]D20 +21.3 (c = 0.50, CHCl3). 
 
2-((2R,4R,6S)-4-(Benzyloxy)-6-vinyltetrahydro-2H-pyran-2-yl)acetic acid (3.60). To 
a solution of enol ether 3.76 (1.01 g, 3.16 mmol) in THF (40 mL) was added HCl (2.0 M in 
diethyl ether, 7.90 mL, 15.8 mmol) at 0 oC. The reaction mixture was allowed to stir for one hour 
until TLC showed no starting material present. A saturated aqueous solution of NaHCO3 (20 
mL) was added slowly and the aqueous layer was washed three times with diethyl ether (20 mL). 
The combined organic layers were dried with Na2SO4 and concentrated by vacuum. The 
resulting crude mixture was used in the next step without purification. 
To a biphasic solution of aforementioned crude mixture in t-butanol and H2O (2:1, 30 
mL) at 22 oC was added NaH2PO4 (1.72 g, 12.7 mmol) followed by 2-methyl-2-butene (5 mL) 
and NaClO2 (1.14 g, 12.7 mmol). The reaction mixture was allowed to stir for 12 hours, at which 
time it was diluted with ethyl acetate (20 mL) and H2O (10 mL). The layers were partitioned and 
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the organic fraction was washed three times with ethyl acetate (20 mL). The combined organic 
fractions were dried with Na2SO4 and concentrated by vacuum to afford yellow oil, which was 
purified by silica gel chromatography to afford 3.60 as yellow oil (810 mg, 2.93 mmol, 93% 
yield over two steps). IR (neat): 3029 (br), 2945 (s), 2921 (s), 1710 (s), 1452 (m), 1412 (m), 
1357 (s), 1274 (m), 1203 (m), 1154 (s), 1069 (s), 925 (s), 737 (s); 1H NMR (400 MHz, CDCl3): 
δ 10.60 (1H, br, s), 7.30–7.18 (5H, m), 5.78 (1H, ddd, J = 16.8, 10.8, 8.4 Hz), 5.18 (1H, ddd, J = 
16.8, 2.4, 1.2 Hz), 5.05 (1H, dt, J = 10.8, 1.2 Hz), 4.51 (2H, s), 3.82–3.71 (2H, m), 3.61–3.53 
(1H, m), 2.62 (1H, dd, J = 15.8, 7.4 Hz), 2.45 (1H, dd, J = 15.8, 5.4 Hz), 2.09–2.02 (2H, m), 
1.32–1.20 (2H, m); 13C NMR (100 MHz, CDCl3): δ 176.3, 138.4, 137.9, 128.5, 127.8, 127.7, 
115.6, 76.5, 74.2, 71.9, 69.8, 41.0, 37.6, 37.5; HRMS (ESI+) [M+H]+ calcd for C16H21O4: 
277.1440, found: 277.1442; [α]D20 –6.1 (c = 1.50, CHCl3). 
 
(4S,6S)-6-Methoxy-8-methylnon-8-en-4-yl 2-((2R,4R,6S)-4-(benzyloxy)-6-
vinyltetrahydro-2H-pyran-2-yl)acetate (3.59). To a solution of acid 3.24 (653 mg, 2.37 mmol) 
and alcohol 3.60 (440 mg, 2.37 mmol) in CH2Cl2 (40 mL) at 22 oC was charged with DMAP 
(289 mg, 2.37 mmol) and EDCI (500 mg, 2.60 mmol). The reaction mixture was allowed to stir 
for 12 hours before being quenched with a saturated aqueous solution of NH4Cl (40 mL). The 
aqueous layer was washed three times with ethyl acetate  (20 mL). The combined organic layers 
were dried with Na2SO4 and concentrated by vacuum. The resulting crude mixture was purified 
by silica gel chromatography (10:1 hexanes: diethyl ether) to afford ester 3.59 as colorless oil 
(930 mg, 2.09 mmol, 88% yield). IR (neat): 3073 (w), 2928 (s), 2872 (s), 1731 (s), 1647 (w), 
1496 (m), 1359 (s), 1332 (m), 1267 (m), 1192 (m), 1146 (s), 1086 (s), 990 (s), 891 (m), 736 (m); 
1H NMR (400 MHz, CDCl3): δ 7.37–7.26 (5H, m), 5.84 (1H, dddd, J = 17.4, 10.4, 9.4, 1.4 Hz), 
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5.23 (1H, dt, J = 17.2, 1.4 Hz), 5.20–5.15 (1H, m), 5.09 (1H, dt, J = 10.4, 1.4 Hz), 4.80 (1H, s), 
4.72 (1H, s), 4.58 (2H, s), 3.86–3.82 (2H, m), 3.66–3.61 (1H, m), 3.31 (3H, s), 3.31–3.27 (1H, 
m), 2.64 (1H, ddd, J = 15.2, 7.6, 1.2 Hz), 2.44 (1H, ddd, J = 15.0, 5.2, 1.2 Hz), 2.33 (1H, dd, J = 
14.0, 5.2 Hz), 2.15–2.07 (2H, m), 2.06 (1H, dd, J = 14.0, 7.6 Hz), 1.74 (3H, s), 1.70–1.65 (1H, 
m), 1.57–1.43 (3H, m), 1.37–1.25 (4H, m), 0.89 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, 
CDCl3): δ 170.9, 142.6, 138.6, 138.2, 128.6, 127.8, 127.7, 115.2, 113.1, 76.3, 76.2, 74.4, 72.6, 
71.6, 69.8, 57.2, 42.2, 41.8, 39.4, 37.7, 37.7, 37.4, 23.1, 18.6, 14.1; HRMS (ESI+) [M+H]+ calcd 
for C27H41O5: 445.2954, found: 445.2965; [α]D20 +7.6 (c = 2.00, CHCl3). 
 
(1R,5S,7S,11S,13R,Z)-13-(Benzyloxy)-7-methoxy-9-methyl-5-propyl-4,15-
dioxabicyclo[9.3.1]pentadec-9-en-3-one (3.78). In an N2-filled glove box, a 250 mL flask with 
a magnetic stir bar was charged with diene substrate 3.59 (850 mg, 1.91 mmol) and toluene (95 
mL). A catalyst solution of 3.86 (0.1 M in benzene, 1.53 mL, 0.153 mmol, 8 mol %) was 
introduced and the mixture was allowed to stir at 22 oC for 3 hours under 100 torr vacuum. After 
3 hours, the reaction mixture was exposed to air out of the glove box, and concentrated by 
vacuum. The resulting crude mixture was purified by silica gel chromatography (10:1 hexanes: 
diethyl ether) to afford macrolide 3.78 as colorless oil (710 mg, 1.71 mmol, 89% yield). IR 
(neat): 2918 (s), 2871 (s), 1728 (s), 1452 (m), 1355 (m), 1262 (s), 1198 (m), 1064 (s), 981 (s), 
735 (s), 697 (m); 1H NMR (400 MHz, CDCl3): δ 7.37–7.26 (5H, m), 5.34–5.27 (1H, m), 5.30 
(1H, d, J = 6.4 Hz), 4.57 (2H, s), 3.88–3.81 (2H, m), 3.65–3.57 (1H, m), 3.54–3.50 (1H, m), 3.34 
(3H, s), 2.60 (1H, dd, J = 15.2, 3.6 Hz), 2.51 (1H, dd, J = 15.0, 11.2 Hz), 2.31 (1H, d, J = 13.2 
Hz), 2.12–2.02 (2H, m), 1.96 (1H, dd, J = 13.2, 10.4 Hz), 1.84 (3H, s), 1.82–1.79 (1H, m), 1.66 
(1H, ddd, J = 14.8, 11.8, 3.0), 1.55–1.47 (3H, m), 1.37–1.25 (3H, m), 0.91 (3H, t, J = 7.2 Hz); 
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13C NMR (100 MHz, CDCl3): δ 170.3, 146.8, 138.5, 128.6, 127.8, 127.7, 125.4, 81.9, 74.4, 74.1, 
72.7, 72.3, 69.7, 58.0, 43.4, 42.3, 41.9, 37.5, 37.4, 37.3, 25.3, 18.8, 14.0; HRMS (ESI+) [M+H]+ 
calcd for C25H37O5: 417.2641, found: 417.2624; [α]D20 –59.3 (c = 1.00, CHCl3). 
 
(1R,5S,7S,9S,11R,13S)-13-Hydroxy-7-methoxy-9-methyl-5-propyl-4,15-
dioxabicyclo[9.3.1]pentadecan-3-one (3.18). To a solution of macrocyclic alkene 3.78 (270 mg, 
0.648 mmol) in ethanol (60 mL) was added 10% Pd/C (64.8 mg). The resulting suspension was 
allowed to stir at 22 oC for 12 hours under an atmosphere of H2 (1 atm). The suspension was 
filtered and the filtrate was concentrated by vacuum. The resulting crude mixture was purified by 
silica gel chromatography (4:1 hexanes: ethyl acetate) to afford 3.18 as colorless oil (198 mg, 
0.604 mmol, 93% yield). IR (neat): 3433 (br), 2921 (s), 2853 (s), 1730 (s), 1458 (m), 1373 (m), 
1272 (m), 1137 (m), 1089 (s), 991 (m); 1H NMR (400 MHz, CDCl3): δ 5.14 (1H, ddd, J = 9.6, 
9.6, 4.8 Hz), 3.82–3.75 (1H, m), 3.73 (1H, dddd, J = 11.2, 11.2, 6.8, 1.8 Hz), 3.57 (1H, t, J = 
10.4 Hz), 3.30 (3H, s), 3.17 (1H, t, J = 10.4 Hz), 2.61 (1H, dd, J = 14.4, 4.4 Hz), 2.42 (1H, dd, J 
= 14.4, 10.8 Hz), 1.98–1.94 (1H, m), 1.88–1.82 (2H, m), 1.74–1.38 (6H, m), 1.37–1.27 (4H, m), 
1.25–1.10 (3H, m), 0.98 (3H, d, J = 6.8 Hz), 0.91 (3H, t, J = 7.6 Hz); 13C NMR (100 MHz, 
CDCl3): δ 170.9, 78.8, 75.7, 73.4, 72.4, 68.6, 56.4, 44.2, 42.4, 42.3, 42.1, 40.8, 40.1, 37.0, 31.4, 
25.7, 19.1, 14.0; HRMS (ESI+) [M+H]+ calcd for C18H33O5: 329.2328, found: 329.2334; [α]D20 
+23.2 (c = 1.00, CHCl3). 
 
2-((2R,4S,6S)-4-(Benzyloxy)-6-vinyltetrahydro-2H-pyran-2-yl)acetic acid (3.88). To a 
solution of enol ether 3.87 (70.0 mg, 0.222 mmol) in THF (4 mL) was added HCl (2.0 M in 
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diethyl ether, 1.11 mL, 2.22 mmol) at 0 oC. The reaction mixture was allowed to stir for one hour 
until TLC showed no starting material present. A saturated aqueous solution of NaHCO3 (10 
mL) was added slowly and the aqueous layer was washed three times with diethyl ether (10 mL). 
The combined organic layers were dried with Na2SO4 and concentrated by vacuum. The 
resulting crude mixture was used in the next step without purification. 
To a biphasic solution of aforementioned crude mixture in t-butanol and H2O (2:1, 6 mL) 
at 22 oC was added NaH2PO4 (130 mg, 0.95 mmol) followed by 2-methyl-2-butene (1 mL) and 
NaClO2 (86.0 mg, 0.95 mmol). The reaction mixture was allowed to stir for 12 hours, at which 
time it was diluted with ethyl acetate (10 mL) and H2O (5 mL). The layers were partitioned and 
the organic fraction was washed three times with ethyl acetate (10 mL). The combined organic 
fractions were dried with Na2SO4 and concentrated by vacuum to afford yellow oil, which was 
purified by silica gel chromatography to afford 3.88 as yellow oil (48.0 mg, 0.174 mmol, 78% 
yield over two steps). IR (neat): 3029 (br), 2918 (s), 2872 (s), 1708 (s), 1417 (m), 1338 (m), 
1296 (s), 1201 (s), 1176 (s), 1057 (s), 923 (s), 730 (s), 696 (s); 1H NMR (400 MHz, CDCl3): 
δ 10.50 (1H, br), 7.28–7.17 (5H, m), 5.74 (1H, ddd, J = 17.6, 10.8, 5.6 Hz), 5.16 (1H, dt, J = 
17.2, 1.2 Hz), 5.02 (1H, dt, J = 10.8, 1.0 Hz), 4.47 (2H, d, J = 3.6 Hz), 4.31–4.27 (1H, m), 4.26–
4.19 (1H, m), 3.81 (1H, q, J = 2.8 Hz), 2.52 (1H, dd, J = 15.8, 7.8 Hz), 2.41 (1H, dd, J = 15.6, 
5.2 Hz), 1.90–1.82 (2H, m), 1.43–1.33 (2H, m); 13C NMR (100 MHz, CDCl3): δ 175.6, 138.6, 
138.5, 128.6, 127.7, 127.6, 115.4, 73.2, 70.8, 70.4, 68.7, 41.1, 35.3, 34.9; HRMS (ESI+) 
[M+H]+ calcd for C16H21O4: 277.1440, found: 277.1436; [α]D20 –4.8 (c = 1.25, CHCl3). 
 
(4S,6S)-6-Methoxy-8-methylnon-8-en-4-yl 2-((2R,4S,6S)-4-(benzyloxy)-6-
vinyltetrahydro-2H-pyran-2-yl)acetate (3.89). To a solution of acid 3.24 (48.0 mg, 0.174 
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mmol) and alcohol 3.88 (32.3 mg, 0.174 mmol) in CH2Cl2 (5 mL) at 22 oC was charged with 
DMAP (21.2 mg, 0.174 mmol) and EDCI (36.7 mg, 0.191 mmol). The reaction mixture was 
allowed to stir for 12 hours before being quenched with a saturated aqueous solution of NH4Cl 
(10 mL). The aqueous layer was washed three times with ethyl acetate  (10 mL). The combined 
organic layers were dried with Na2SO4 and concentrated by vacuum. The resulting crude mixture 
was purified by silica gel chromatography (10:1 hexanes: diethyl ether) to afford ester 3.89 as 
colorless oil (70.0 mg, 0.158 mmol, 91% yield). IR (neat): 3071 (w), 2930 (s), 2873 (m), 1733 
(s), 1455 (w), 1376 (w), 1340 (w), 1247 (w), 1196 (m), 1167 (m), 1089 (s), 1062 (s), 997 (m), 
922 (w), 890 (w); 1H NMR (400 MHz, CDCl3): δ 7.37–7.26 (5H, m), 5.81 (1H, dddd, J = 16.8, 
10.8, 5.2, 1.0 Hz), 5.23–5.16 (1H, m), 5.21 (1H, dd, J = 16.8, 1.0 Hz), 5.06 (1H, dt, J = 10.8, 1.2 
Hz), 4.79 (1H, s), 4.72 (1H, s), 4.55 (2H, ABq, J = 12.2 Hz), 4.36–4.29 (2H, m), 3.89 (1H, t, J = 
2.6 Hz), 3.33–3.27 (1H, m), 3.31 (3H, s), 2.55 (1H, dd, J = 14.4, 8.0 Hz), 2.40 (1H, dd, J = 14.4, 
5.4 Hz), 2.33 (1H, dd, J = 13.8, 5.4 Hz), 2.06 (1H, dd, J = 13.6, 7.8 Hz), 1.98–1.73 (2H, m), 1.73 
(3H, s), 1.74–1.66 (1H, m), 1.58–1.39 (5H, m), 1.38–1.21 (2H, m), 0.88 (3H, t, J = 7.2 Hz); 13C 
NMR (100 MHz, CDCl3): δ 170.9, 142.6, 139.0, 128.5, 127.6, 127.5, 127.4, 114.7, 113.1, 76.1, 
72.8, 71.4, 71.0, 70.2, 69.3, 57.3, 42.2, 42.1, 39.5, 37.4, 35.4, 35.1, 23.1, 18.6, 14.1; HRMS 
(ESI+) [M+H]+ calcd for C27H41O5: 445.2954, found: 445.2969; [α]D20 +3.7 (c = 2.80, CHCl3). 
 
(1R,5S,7S,11S,13S,Z)-13-(Benzyloxy)-7-methoxy-9-methyl-5-propyl-4,15-
dioxabicyclo[9.3.1]pentadec-9-en-3-one (3.90). In an N2-filled glove box, a 100 mL flask with 
a magnetic stir bar was charged with diene substrate 3.89 (70.0 mg, 0.158 mmol) and toluene 
(31.6 mL). A catalyst solution of 3.84 (0.1 M in benzene, 0.158 mL, 0.016 mmol, 10 mol %) was 
introduced and the mixture was allowed to stir at 22 oC for 3 hours under 100 torr vacuum. After 
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3 hours, the reaction mixture was exposed to air out of the glove box, and concentrated by 
vacuum. The resulting crude mixture was purified by silica gel chromatography (10:1 hexanes: 
diethyl ether) to afford macrolide 3.78 as colorless oil (51.2 mg, 0.123 mmol, 78% yield). IR 
(neat): 2959 (m), 2916 (s), 2873 (m), 1730 (s), 1454 (m), 1373 (m), 1317 (m), 1267 (s), 1195 
(m), 1090 (s), 731 (m), 697 (m); 1H NMR (400 MHz, CDCl3): δ 7.39–7.26 (5H, m), 5.35–5.29 
(1H, m), 5.25 (1H, d, J = 6.4 Hz), 4.54 (2H, ABq, J = 12.4 Hz), 4.38 (1H, dd, J = 11.2, 7.4 Hz), 
4.32 (1H, tq, J = 11.6, 1.4 Hz), 3.89 (1H, t, J = 2.8 Hz), 3.57–3.52 (1H, m), 3.35 (3H, s), 2.56 
(1H, dd, J = 15.0, 3.4 Hz), 2.45–2.38 (2H, m), 2.00–1.90 (2H, m), 1.88–1.80 (2H, m), 1.85 (3H, 
s), 1.76–1.59 (2H, m), 1.57–1.40 (3H, m), 1.38–1.25 (2H, m), 0.91 (3H, t, J = 7.2 Hz); 13C NMR 
(100 MHz, CDCl3): δ 170.9, 146.9, 138.8, 128.6, 127.7, 127.6, 126.1, 82.1, 74.0, 71.6, 70.5, 
69.4, 69.3, 58.0, 43.4, 42.6, 41.9, 37.6, 35.4, 34.9, 25.4, 18.8, 14.0; HRMS (ESI+) [M+H]+ calcd 
for C25H37O5: 417.2641, found: 417.2636; [α]D20 –48.7 (c = 1.00, CHCl3). 
 
(1R,5S,7S,9S,11R,13R)-13-Hydroxy-7-methoxy-9-methyl-5-propyl-4,15-
dioxabicyclo[9.3.1]pentadecan-3-one (3.91). To a solution of macrocyclic alkene 3.90 (40.0 mg, 
0.144 mmol) in ethanol (6 mL) was added 10% Pd/C (14.4 mg). The resulting suspension was 
allowed to stir at 22 oC for 12 hours under an atmosphere of H2 (1 atm). The suspension was 
filtered and the filtrate was concentrated by vacuum. The resulting crude mixture was purified by 
silica gel chromatography (4:1 hexanes: ethyl acetate) to afford 3.91 as colorless oil (34.5 mg, 
0.105 mmol, 73% yield). IR (neat): 3436 (br), 2914 (s), 2872 (m), 1729 (s), 1459 (w), 1432 (w), 
1383 (m), 1273 (s), 1244 (s), 1196 (m), 1163 (m), 1078 (s), 961 (s), 926 (w), 733 (m); 1H NMR 
(400 MHz, CDCl3): δ 5.19 (1H, dddd, J = 11.6, 10.0, 4.8, 0.8 Hz), 4.25 (1H, t, J = 2.8 Hz), 4.19 
(1H, dq, J = 13.6, 2.4 Hz), 3.68 (1H, dt, J = 9.4, 2.4 Hz), 3.59 (1H, ddt, J = 10.0, 2.4, 1.4 Hz), 
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3.31 (3H, s), 2.58 (1H, dd, J = 14.6, 4.2 Hz), 2.34 (1H, dd, J = 14.6, 11.0 Hz), 1.85 (1H, ddd, J = 
14.8, 10.8, 1.4 Hz), 1.72–1.59 (3H, m), 1.57–1.43 (6H, m), 1.44–1.28 (4H, m), 1.26–1.21 (1H, 
m), 1.14 (1H, t, J = 11.6 Hz), 0.96 (3H, d, J = 6.8 Hz), 0.90 (3H, t, J = 7.2 Hz); 13C NMR (100 
MHz, CDCl3): δ 171.2, 75.8, 75.0, 73.0, 69.3, 65.0, 56.3, 44.3, 42.6, 42.5, 40.3, 39.5, 38.4, 37.1, 
31.5, 25.8, 19.1, 14.0; HRMS (ESI+) [M+H]+ calcd for C18H33O5: 329.2328, found: 329.2339; 
[α]D20 +25.1 (c = 1.60, CHCl3). 
 
Methyl (Z)-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)carbamate (3.64). In 
an N2-filled glove box, a 25 mL flask with a magnetic stir bar was charged with allylcarbamate 
3.137 (900 mg, 7.83 mmol) and vinylboronic acid pinacol ester (3.62 g, 23.5 mmol). A catalyst 
solution of 3.75 (0.1 M in benzene, 2.35 mL, 0.235 mmol, 3 mol %) was introduced and the 
mixture was allowed to stir at 22 oC for 12 hours under 100 torr vacuum. After 12 hours, the 
reaction mixture was exposed to air out of the glove box, and concentrated by vacuum. The 
resulting crude mixture was purified by silica gel chromatography (5:1 hexanes: ethyl acetate) to 
afford 3.64 as colorless oil (1.63 g, 6.71 mmol, 86% yield). IR (neat): 3339 (br), 2978 (s), 1704 
(s), 1631 (m), 1527 (s), 1419 (m), 1372 (m), 1321 (m), 1249 (s), 1142 (s), 968 (w); 1H NMR 
(400 MHz, CDCl3): δ 6.43–6.39 (1H, m), 5.46 (1H, dt, J = 13.6, 1.4 Hz), 5.15 (1H, br, s), 4.05 
(2H, t, J = 5.8 Hz), 3.64 (3H, s), 1.25 (12H, s); 13C NMR (100 MHz, CDCl3): δ 157.1, 149.8, 
83.5, 52.1, 42.0, 24.9; HRMS (ESI+) [M+H]+ calcd for C11H21B1N1O4: 242.1563, found: 
242.1564. 
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(2-Iodooxazol-4-yl)methanol (3.145). To a stirred solution of Ethyl 4-
oxazolecarboxylate (3.00 g, 21.3 mmol) in THF (60 mL) at –78 oC was added DIBAL-H (9.47 
mL, 53.2 mmol) slowly over 15 minutes. The reaction mixture was allowed to stir for 30 minutes 
before it was warmed to 0 oC and allowed to stir for two hours. The reaction was quenched by 
the slow addition of MeOH (5 mL) and diluted with ethyl acetate (200 mL). The suspension was 
poured into a 500 mL Erlenmeyer flask containing Na2SO4•10H2O, and allowed to stir 
vigorously for 24 hours. The slurry was filtered and the filtrate was concentrated by vacuum to 
afford slightly yellow oil. The resulting crude mixture was used in the next step without 
purification. 
To a stirred solution of aforementioned crude mixture in in THF (120 mL) at –78 oC was 
added n-butyl lithium (1.6 M in hexane, 26.6 mL, 42. 6 mmol) slowly over 15 minutes. The 
reaction mixture was allowed to stir for two hour before a solution of iodine (8.11 g, 31.9 mmol) 
in THF (20 mL) was added via cannula. The reaction mixture was warmed to 0 oC and allowed 
to stir for 15 minutes, before a saturated aqueous solution of Na2S2O3 (40 mL) was added. The 
layers were partitioned and the organic fraction was washed three times with ethyl acetate (20 
mL). The combined organic fractions were dried with Na2SO4 and concentrated by vacuum to 
afford yellow oil, which was purified by silica gel chromatography to afford 3.145 as yellow oil 
(2.82 g, 12. 6 mmol, 59% yield over two steps). IR (neat): 3374 (br), 2944 (m), 1474 (s), 1120 
(s), 1062 (m), 1025 (m), 988 (w), 935 (w); 1H NMR (400 MHz, CDCl3): δ 7.70 (1H, s), 4.59 
(2H, s), 2.92 (0.4H, s), 2.70 (0.6H, s); 13C NMR (100 MHz, CDCl3): δ 144.0, 141.4, 101.8, 
56.6; HRMS (ESI+) [M+H]+ calcd for C4H5I1N1O2: 225.9365, found: 225.9371. 
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Methyl (Z)-(3-(4-(hydroxymethyl)oxazol-2-yl)allyl)carbamate (3.144). To a solution 
of iodide 3.145 (1.05 g, 4.67 mmol) and boronate 3.64 (1.13 g, 4.67 mmol) in THF (40 mL) was 
added Pd(dppf)2Cl2 (381 mg, 0.467 mmol, 10 mol %), K3PO4 (3.96 g, 18.7 mmol) and H2O (4 
mL). The resulting suspension was allowed to stir at 60 oC for 24 hours before the addition of a 
saturated aqueous solution of NH4Cl (20 mL). The layers were partitioned and the organic 
fraction was washed three times with ethyl acetate (20 mL). The combined organic fractions 
were dried with Na2SO4 and concentrated by vacuum to afford dark brown oil, which was 
purified by silica gel chromatography to afford 3.144 as yellow oil (819 mg, 3.83 mmol, 82% 
yield). IR (neat): 3316 (br), 2950 (s), 1697 (s), 1521 (s), 1464 (m), 1258 (s), 1193 (w), 1029 (m), 
993 (m), 778 (w); 1H NMR (400 MHz, CD3OD): δ 7.77 (1H, s), 6.29 (1H, dt, J = 9.6, 1.6 Hz), 
6.08–6.03 (1H, m), 4.84 (2H, s), 4.53 (2H, s), 4.32 (2H, d, J = 8.0 Hz), 3.65 (3H, s); 13C NMR 
(100 MHz, CD3OD): δ 162.1, 159.6, 143.2, 139.4, 136.7, 115.9, 57.2, 52.5, 40.9; HRMS (ESI+) 
[M+H-H2O]+ calcd for C9H11N2O3: 195.0770, found: 195.0769. 
 
Methyl (Z)-(3-(4-(bromomethyl)oxazol-2-yl)allyl)carbamate (3.148). To a solution of 
alcohol 3.144 (800 mg, 3.74 mmol) in acetonitrile (40 mL) was added triphenylphosphine (1.96 
g, 7.48 mmol), lutidine (216 µL, 1.87 mmol) and tetrabromomethane (2.48 g, 7.48 mmol). The 
resulting solution was allowed to stir at 22 oC for 30 minutes before being quenched with a 
saturated aqueous solution of NaHCO3 (20 mL). The layers were partitioned and the organic 
fraction was washed three times with ethyl acetate (20 mL). The combined organic fractions 
were washed with a saturated aqueous solution of citric acid (20 mL) and dried with Na2SO4. 
After concentrated under vacuum, the resulting brown oil was purified by silica gel 
chromatography to afford 3.148 as a white semi-solid (840 mg, 3.03 mmol, 81% yield). IR 
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(neat): 3326 (br), 2952 (w), 1697 (s), 1519 (s), 1461 (w), 1249 (s), 1070 (m), 1001 (m), 775 (s), 
671 (s); 1H NMR (400 MHz, CDCl3): δ 7.61 (1H, s), 6.30 (1H, dt, J = 12.0, 1.6 Hz), 6.19–6.12 
(1H, m), 5.44 (1H, br, s), 4.38 (2H, s), 4.33 (2H, t, J = 6.0 Hz), 3.68 (3H, s); 13C NMR (100 
MHz, CDCl3): δ 160.6, 157.3, 138.7, 138.1, 135.7, 116.0, 52.3, 39.6, 22.8; HRMS (ESI+) 
[M+H-H2O]+ calcd for C9H12Br1N2O3: 275.0031, found: 275.0021. 
 
Methyl (Z)-(3-(4-(but-3-en-1-yl)oxazol-2-yl)allyl)carbamate (3.63). To a stirred 
solution of bromide 3.148 (400 mg, 1.44 mmol) and CuCN (65.0 mg, 0.722 mmol) in THF (40 
mL) at –78 oC was added allylmagnesium chloride (2.0 M in THF, 1.80 mL, 3.60 mmol) slowly 
over 10 minutes. The reaction mixture was allowed to stir for one hour before being quenched 
with a saturated aqueous solution of NH4Cl (30 mL). The layers were partitioned and the organic 
fraction was washed three times with ethyl acetate (20 mL). The combined organic fractions 
were dried with Na2SO4 and concentrated under vacuum. The resulting yellow oil was purified 
by silica gel chromatography to afford 3.63 as yellow oil (240 mg, 1.01 mmol, 70% yield). IR 
(neat): 3328 (br), 3077 (w), 2921 (s), 2850 (w), 1701 (s), 1519 (s), 1449 (m), 1249 (s), 1192 (m), 
999 (m), 915 (m), 778 (m); 1H NMR (400 MHz, CDCl3): δ 7.34 (1H, t, J = 1.0 Hz), 6.30 (1H, dt, 
J = 12.0, 1.6 Hz), 6.12–6.06 (1H, m), 5.91–5.80 (1H, m), 5.58 (1H, br, s), 5.07 (1H, dq, J = 17.2, 
1.8 Hz), 5.00 (1H, dq, J = 10.4, 1.6 Hz), 4.31 (2H, t, J = 6.4 Hz), 3.68 (3H, s), 2.64 (2H, t, J = 
7.6 Hz), 2.44–2.38 (2H, m); 13C NMR (100 MHz, CDCl3): δ 160.0, 157.3, 141.8, 135.6, 136.1, 
133.9, 116.9, 115.5, 52.3, 39.5, 32.4, 25.9; HRMS (ESI+) [M+H-H2O]+ calcd for C12H17N2O3: 
237.1239, found: 237.1240. 
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Methyl (Z)-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)carbamate (3.151). 
In an N2-filled glove box, a 25 mL flask with a magnetic stir bar was charged with diene 3.63 
(160 mg, 0.672 mmol) and Z 2-buten-1,3-diol (178 mg, 2.02 mmol) and THF (6.7 mL). A 
catalyst solution of 3.153 (10 mg/mL in THF, 2.57 mL, 25.7 mg, 0.034 mmol, 5 mol %) was 
added and the mixture was allowed to stir at 22 oC for two hours under 100 torr vacuum. 
Additional catalyst (10 mg/mL in THF, 2.57 mL, 25.7 mg, 0.034 mmol, 5 mol %) was added and 
the mixture was allowed to stir for another 10 hours. The reaction mixture was taken out of the 
glove box and filtered through a thin pad of silica gel (EtOAc). The filtrate was concentrated by 
vacuum and the resulting brown oil was purified by silica gel chromatography (1:2 hexanes: 
ethyl acetate) to afford 3.151 as colorless oil (128 mg, 0.478 mmol, 71% yield). IR (neat): 3329 
(br), 2920 (m), 2850 (m), 1701 (s), 1589 (w), 1521 (s), 1462 (m), 1261 (s), 1193 (w), 1023 (s), 
778 (m); 1H NMR (400 MHz, CDCl3): δ 7.34 (1H, s), 6.28 (1H, dt, J = 11.6, 1.6 Hz), 6.10–6.04 
(1H, m), 5.68–5.62 (1H, m), 5.60 (1H, br, s), 5.55–5.49 (1H, m), 4.32 (2H, t, J = 5.6 Hz), 4.15 
(2H, d, J = 6.8 Hz), 3.68 (3H, s), 2.62 (2H, t, J = 7.2 Hz), 2.48 (2H, q, J = 7.2 Hz), 1.97 (1H, br, 
s); 13C NMR (100 MHz, CDCl3): δ 160.2, 157.3, 141.2, 136.4, 134.1, 131.6, 129.7, 116.7, 58.4, 
52.3, 39.5, 26.0, 25.9; HRMS (ESI+) [M+H]+ calcd for C13H19N2O4: 267.1345, found: 267.1341. 
 
(Z)-5-(2-((Z)-3-((Methoxycarbonyl)amino)prop-1-en-1-yl)oxazol-4-yl)pent-2-enoic 
acid (3.19). To a stirred solution of alcohol 3.151 (280 mg, 1.04 mmol) and NaHCO3 (702 mg, 
8.36 mmol) in CH2Cl2 (20 mL) at 0 oC was added Dess-Martin Periodinane (886 mg, 2.09 mmol). 
The reaction mixture was allowed to warm to 22 oC and stir for one hour until TLC showed no 
starting material present. Water (10 mL) was added and the aqueous layer was washed three 
times with ethyl acetate (10 mL). The combined organic layers were dried with Na2SO4 and 
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concentrated by vacuum. The resulting crude mixture was used in the next step without 
purification. 
To a biphasic solution of aforementioned crude mixture in t-butanol and H2O (1:1, 20 
mL) at 22 oC was added NaH2PO4 (419 mg, 3.13 mmol) followed by 2-methyl-2-butene (2 mL) 
and NaClO2 (283 mg, 3.13 mmol). The reaction mixture was allowed to stir for 12 hours, at 
which time it was diluted with ethyl acetate (20 mL) and H2O (10 mL). The layers were 
partitioned and the organic fraction was washed three times with ethyl acetate (20 mL). The 
combined organic fractions were dried with Na2SO4 and concentrated by vacuum to afford 
yellow oil, which was purified by silica gel chromatography to afford 3.19 as yellow oil (221 mg, 
0.784 mmol, 75% yield over two steps). IR (neat): 3338 (br), 2930 (br), 1701 (s), 1644 (m), 
1522 (s), 1431 (m), 1386 (m), 1258 (s), 1195 (m), 951 (w), 824 (w), 778 (w); 1H NMR (400 
MHz, CDCl3): δ 10.45 (1H, br), 7.37 (1H, s), 6.32–6.28 (1H, m), 6.28 (1H, dd, J = 11.6, 1.2 Hz), 
6.08–6.03 (1H, m), 5.80 (1H, dd, J = 11.6, 1.6 Hz), 5.65 (1H, br, s), 4.29 (2H, br, s), 3.65 (3H, s), 
2.99 (2H, q, J = 7.2 Hz), 2.69 (2H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 170.5, 160.2, 
157.5, 150.1, 140.9, 136.6, 134.2, 120.7, 116.5, 52.3, 39.5, 27.7, 25.4; HRMS (ESI+) [M+H]+ 
calcd for C13H17N2O5: 281.1138, found: 281.1144. 
 
(1R,5S,7S,9S,11R,13R)-7-Methoxy-9-methyl-3-oxo-5-propyl-4,15-
dioxabicyclo[9.3.1]pentadecan-13-yl (Z)-5-(2-((Z)-3-((methoxycarbonyl)amino)prop-1-en-1-
yl)oxazol-4-yl)pent-2-enoate [neopeltolide (3.1)]. To a solution of macrolide 3.18 (170 mg, 
0.518 mmol) and oxazole side chain 3.19 (176 mg, 0.622 mmol) in benzene (20 mL) was added 
triphenylphosphine (408 mg, 1.55 mmol) and diisopropyl azodicarboxylate (304 µL, 1.55 mmol). 
The resulting solution was allowed to stir at 22 oC for 30 minutes before being concentrated by 
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vacuum. The resulting crude mixture was purified by silica gel chromatography (4:1 hexanes: 
ethyl acetate) to afford neopeltolide 3.1 as colorless oil (215 mg, 0.363 mmol, 70% yield). IR 
(neat): 3343 (br), 2953 (s), 2921 (s), 2872 (m), 1726 (s), 1521 (m), 1458 (m), 1381 (w), 1341 
(w), 1271 (s), 1248 (s), 1169 (s), 1080 (s), 1064 (m), 1031 (w), 993 (w), 794 (w), 778 (w); 1H 
NMR (400 MHz, CDCl3): δ 7.68 (1H, s), 6.39 (1H, ddd, J = 11.6, 7.6, 7.6 Hz), 6.29 (1H, dd, J = 
12.0, 2.0 Hz), 6.08–6.02 (1H, m), 5.91 (1H, d, J = 11.2 Hz), 5.23–5.16 (2H, m), 4.32 (2H, d, J = 
6.0 Hz), 4.09 (1H, ddd, J = 11.2, 11.2, 2.0 Hz), 3.69 (1H, dd, J = 9.6, 9.6 Hz), 3.67 (3H, s), 3.59 
(1H, dd, J = 9.6, 9.6 Hz), 3.30 (3H, s), 3.03 (2H, q, J = 7.4 Hz), 2.74 (2H, dd, J = 7.4, 7.4 Hz), 
2.71 (1H, dd, J = 10.8, 3.6 Hz), 2.31 (1H, dd, J = 14.4, 10.8 Hz), 1.91–1.83 (2H, m), 1.76–1.68 
(2H, m), 1.62–1.49 (4H, m), 1.46–1.32 (7H, m), 1.14 (1H, dt, J = 11.2, 2.0 Hz), 0.99 (3H, d, J = 
6.4 Hz), 0.96 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 173.2, 167.0, 162.0, 159.9, 
150.1, 142.4, 139.3, 136.1, 121.9, 116.1, 77.3, 77.2, 74.1, 71.5, 69.3, 56.6, 52.7, 45.4, 43.6, 43.4, 
43.3, 41.2, 38.1, 37.6, 36.4, 32.7, 29.1, 26.5, 26.1, 20.2, 14.3; HRMS (ESI+) [M+H]+ calcd for 
C31H47N2O9: 591.3282, found: 591.3274; [α]D20 +24.2 (c = 1.00, CHCl3). 
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